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Abstract	
	
The	 primary	 greenhouse	 gas	 emitted	 due	 to	 the	 industrial	 development	 of	 our	 society	 is	 carbon	 dioxide.	 As	 a	
consequence,	 the	 recent	 years	 have	 witnessed	 the	 development	 of	 processes	 for	 the	 fixation	 of	 CO2	 into	 organic	
molecules.	Although	the	chemical	utilization	of	CO2	will	most	 likely	not	dramatically	 reduce	 its	concentration	 in	 the	
atmosphere,	 its	 low	 cost	 and	 high	 availability	 could	 potentially	 help	 replace	 some	 of	 the	 established	 industrial	
processes	 that	 contribute	 to	 climate	 change.	 In	 particular,	 the	 carboxylic	 acid	 motif	 is	 present	 on	 a	 myriad	 of	
pharmaceuticals,	 agrochemicals	 or	 plastics,	 among	 others,	making	 their	 synthesis	 an	 ideal	 target	 for	 CO2	 chemical	
utilization.	 Unlike	 traditional	 carboxylations	 of	 highly	 polarized,	 sensitive	 organometallic	 reagents,	 reductive	
carboxylation	 reactions	 offer	 the	 possibility	 to	 employ	 simple	 electrophiles,	 representing	 a	 formidable	 alternative,	
conceptuality	and	practicality	aside,	to	such	nuclephilic	entities.		
	
	
	
Scheme	1.	Traditional	carboxylations	versus	reductive	carboxylation	reactions	
	
These	doctoral	studies	have	focused	on	the	development	and	understanding	of	new,	simple	and	practical	reductive	
carboxylations	 reactions	 to	 produce	 carboxylic	 acids	 from	 inexpensive	 and	 abundant	 electrophiles	 by	means	 of	Ni-
catalysis.		
	
	
	
Scheme	2.	General	abstract	of	this	doctoral	thesis.	
	
Considering	the	importance	of	alkyl	chlorides	both	as	synthetic	 intermediates	and	in	industrial	processes,	we	have	
developed	 a	 Ni-catalyzed	 reductive	 carboxylation	 of	 unactivated	 alkyl	 chlorides	 with	 CO2	 (Chapter	 2).	 These	
electrophiles	 are	 probably	 the	most	 challenging	 to	 be	 employed	 in	 reductive	 couplings	 due	 to	 their	 reluctance	 to	
undergo	oxidative	addition	and	the	proclivity	of	 the	 in-situ	generated	alkyl-metal	species	to	undergo	side-reactions.	
The	 developed	 transformation	 exhibited	 a	 remarkable	 functional	 group	 tolerance,	 enabling	 the	 carboxylation	 of	
secondary	and	even	tertiary	alkyl	chlorides.	The	mechanism	of	the	reaction	was	studied	through	the	isolation	of	well-
defined	Ni(0)	and	Ni(I)	species	or	deuterium	labelling	studies.		
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Scheme	3.	Ni-Catalyzed	Reductive	Carboxylation	of	Unactivated	Alkyl	Chlorides	with	CO2.	
	
Prompted	by	the	inherent	toxicity	of	halogenated	precursors,	the	utilization	of	C-O	electrophiles	has	recently	gained	
considerable	 momentum.	 As	 these	 coupling	 partners	 are	 typically	 prepared	 from	 the	 corresponding	 alcohols,	 we	
decided	 to	develop	a	 strategy	 for	 the	direct	 catalytic	 carboxylation	 sp3	C-OH	bonds	 (Chapter	3).	CO2	 could	be	used	
with	 dual	 roles,	 both	 as	 C1	 source	 and	 as	 a	mediator	 for	 C–OH	 cleavage.	 Site-selectivity	 could	 be	 dictated	 by	 the	
coordination	geometry	of	the	ligand	employed,	giving	rise	to	both	branched	and	linear	allylic	carboxylic	acids	from	the	
same	precursor.	This	methodology	represent	the	first	time	simple	alcohols	could	be	employed	in	reductive	couplings.	
The	mechanism	was	elucidated	 through	 the	 isolation	of	putative	 reaction	 intermediates	as	well	as	 the	study	of	 the	
reactivity	of	these	complexes,	suggesting	the	involvement	of	two	distinct	mechanistic	pathways.		
	
	
	
Scheme	4.	Switchable	Site-Selective	Catalytic	Carboxylation	of	Allylic	Alcohols	with	CO2	
	
Metal-catalyzed	sp2	C–H	functionalization	has	revolutionized	organic	synthesis,	offering	a	palette	of	new	strategies	
for	 building	 up	molecular	 complexity.	 Although	 typically	 relying	 on	 the	 innate	 reactivity	 of	 arenes	 or	 on	 directing	
group	 methodologies,	 we	 questioned	 whether	 we	 could	 effect	 a	 catalytic	 carboxylation	 of	 arenes	 via	 a	 different	
mechanistic	rationale.	Specifically,	we	have	developed	a	cascade	reaction	that	is	terminated	by	a	1,4-Nickel	migration,	
effectively	resulting	in	the	formal	activation	of	a	distal	sp2	C–H	bond	prior	to	CO2	insertion	(Chapter	4).	The	developed	
transformation	represents	the	first	example	of	a	catalytic	1,4-Nickel	migration,	and	the	first	catalytic	carboxylation	of	
non-acidic	 sp2	C–H	bonds	 in	 the	absence	of	proximal	directing	groups.	 The	mechanism	of	 the	 reaction	was	 studied	
through	 the	 isolation	 of	 well-defined	 aryl-	 and	 vinyl-Ni(II)	 oxidative	 addition	 complexes	 and	 experiments	 with	
deuterated	substrates.	
	
	
	
Scheme	5.	Catalytic	C(sp2)-H	Carboxylation	via	1,4-Nickel	Migration	
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1.1.	The	Use	of	CO2	in	the	Chemical	Industry	
	
Since	 the	 beginning	 of	 the	 Industrial	 Revolution,	 anthropogenic	 CO2	 emissions	 have	 been	 continuously	 rising,	
reaching	the	current	rate	of	36	gigatonnes/year.	As	a	consequence,	the	level	of	CO2	 in	the	atmosphere	is	nowadays	
43%	higher	than	when	the	Industrial	Revolution	started	in	1750,	reaching	a	level	greater	than	400	ppm	in	July	2019.	
1		 Together	 with	 the	 indiscriminate	 deforestation	 for	 agriculture	 and	 farming,	 this	 continuous	 increase	 of	 CO2	
concentration	 is	 significantly	accelerating	climate	change.2		Fossil	 fuel	emissions	 (including	coal,	oil,	gas	and	cement	
production)	account	for	about	91%	of	total	CO2	emissions	derived	from	human	activities.	Unfortunately,	our	society	is	
strongly	dependent	on	these	natural	resources,	which	represent	80%	of	the	world’s	energy	sources	and	are	used	to	
produce	 approximately	 95%	 of	 all	 the	 organic	 chemical	 commodities.3	Taking	 into	 consideration	 that	 the	 human	
activities	derived	from	fossil	fuel	utilization	are	the	main	contributor	to	climate	change,	much	effort	is	currently	being	
devoted	to	developing	efficient	strategies	to	reduce	the	emission	of	CO2	and	accumulation	in	the	atmosphere.	Among	
these	strategies,	CO2	chemical	utilization	 (CCU)	 is	aimed	at	converting	this	 inert	gas	 into	 fuels	or	other	value	added	
chemicals.	Although	the	chemical	utilization	of	CO2	will	most	certainly	not	dramatically	reduce	its	concentration	in	the	
atmosphere,	 it	 is	 an	 inexpensive	 and	 renewable	 C1	 feedstock	 that	 could	 potentially	 help	 replace	 some	 of	 the	
established	industrial	processes	that	contribute	to	climate	change.		
	
During	recent	years,	significant	progress	has	been	observed	in	the	field	of	CO2	reduction	to	access	methanol	or	other	
hydrocarbons	 (Scheme	1.1,	path	a).4	Despite	 these	advances,	 the	 low	market	value	of	 such	 feedstocks	 leaves	 some	
concerns	over	whether	 these	 technologies	are	economically	 viable.	 Simultaneously,	 a	 great	deal	of	 effort	has	been	
devoted	 to	designing	 catalytic	 processes	 for	 converting	CO2	 into	 fine	 chemicals.
5	Nevertheless,	 the	development	of	
efficient	 catalytic	 processes	 for	 converting	 CO2	 remains	 highly	 challenging	 for	 chemists	 and	 many	 of	 these	
transformations	 cannot	 compete	 with	 established	 petrochemical	 processes.3	 Moreover,	 the	 majority	 of	 these	
processes	involve	thermodynamically	favored	C-N	or	C-O	bond-forming	reactions	such	as	the	production	of	urea	in	the	
Bosch-Meiser	 process	 (path	 b)	 or	 the	 synthesis	 of	 poly-	 and	 cyclic	 carbonates	 (path	 c).	With	 the	 exception	 of	 the	
production	of	acrylic	acid	 (path	d),	 the	Kolbe-Schmitt	process	 (path	e)	or	 the	direct	carboxylation	of	highly	 reactive	
organometallics	 (path	f),	 there	are	still	not	many	relevant	processes	that	promote	catalytic	 incorporation	of	CO2	via	
the	formation	of	a	C-C	bond.5,6	This	is	surprising	if	one	takes	into	consideration	that	C-C	bonds	are	arguably	the	most	
fundamental	linkage	in	organic	molecules.		
	
 
	
Scheme	1.1.	Chemical	transformations	of	CO2	into	commodity	chemicals.		
                                                
1	https://www.co2.earth	
2	IPCC,	2014:	Climate	Change	2014:	Synthesis	Report.	Contribution	of	Working	Groups	I,	II	and	III	to	the	Fifth	Assessment	Report	of	the		
Intergovernmental	Panel	on	Climate	Change	[Core	Writing	Team,	R.K.	Pachauri	and	L.A.	Meyer	(eds.)].	IPCC,	Geneva,	Switzerland,	151	pp.	
3	M.	Aresta	Carbon	dioxide	as	chemical	feedstock,	Wiley-VCH	Verlag	GmbH,	2010.	
4	P.	Markewitz,	W.	Kuckshinrichs,	W.	Leitner,	J.	Linssen,	P.	Zapp,	R.	Bongartz,	A.	Schreiber,	T.	E.	Müller,	Energy	Environ.	Sci.	2012,	5,	7281-
7305.	
5	Q.	Liu,	L.	Wu,	R.	Jackstell,	M.	Beller,	Nat.	Commun.	2015,	6,	5933-5948.	
6	X.	Wang,	H.	Wang,	Y.	Sun,	Chem.	2017,	3,	211-228.	
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1.1.1.	The	importance	of	carboxylic	acids	in	the	chemical	industry	
 
Among	 the	 alternatives	 that	 can	 be	 conceived	 for	 CO2	 chemical	 utilization	 (CCU),	 the	 development	 of	 catalytic	
carboxylation	reactions	for	the	conversion	of	chemical	feedstocks	or	fine	chemicals	into	carboxylic	acids	is	particularly	
attractive.	 Carboxylic	 acids	 are	 highly	 relevant	 building	 blocks	 in	 the	 production	 of	 cosmetics,	 soaps,	 detergents,	
rubbers,	dyes	and	plastics.	In	addition,	the	carboxylic	acid	motif	is	present	in	a	wide	variety	of	drugs,	insecticides	and	
herbicides	 (Scheme	 1.2),	 making	 the	 development	 of	 carboxylation	 reactions	 particularly	 appealing	 for	 the	
pharmaceutical	and	agrochemical	industries.7	Moreover,	the	future	social	and	economic	relevance	of	carboxylic	acids	
is	illustrated	by	a	global	market	value	that	is	expected	to	reach	€16	billion	by	2024.8	
	
	
	
Scheme	1.2.	Example	of	relevant	molecules	containing	carboxylic	acids.	
	
Scheme	 1.3	 summarizes	 the	 main	 synthetic	 approaches	 for	 the	 production	 of	 carboxylic	 acids	 in	 industry	 or	 in	
research	 laboratories.	 While	 many	 of	 these	 methods	 rely	 on	 the	 acidic	 or	 basic	 hydrolysis	 of	 carboxylic	 acids	
derivatives	(path	a),	a	straightforward	approach	to	access	carboxylic	acids	consists	of	SN2	displacement	with	cyanide	
followed	by	acid-mediated	hydrolysis	(path	b).9.	The	drawback	of	this	approach,	however,	is	the	requirement	of	highly	
toxic	cyanide	salts,	an	important	limitation	for	the	application	profile	of	these	technologies.	In	a	similar	manner,	the	
oxidation	of	primary	alcohols	oftentimes	 requires	 the	utilization	of	 toxic	Mn	or	Cr	based	oxidants	 in	 stoichiometric	
quantities	 (path	 c).	 Although	Pd	 catalyzed	 carbonylation	of	 organic	 halides	 offers	 a	 greener	 approach	 to	 carboxylic	
acids,	 the	 utilization	 of	 toxic	 and	 hazardous	 carbon	 monoxide	 is	 disadvantageous	 (path	 d). 10	In	 contrast,	 CO2	
carboxylation	 reactions	 utilize	 a	 non-toxic,	 renewable	 and	 inexpensive	 feedstock	 and	 provide	 the	 most	 direct	
synthetic	approach	for	the	preparation	of	carboxylic	acids.	The	carboxylation	reactions	of	Grignard	or	organolithium	
reagents	 are	 well	 established,	 yet	 the	 high	 reactivity	 of	 these	 organometallic	 species	 limits	 the	 functional	 group	
tolerance	and	applicability	of	these	processes	(path	e).5	
	
Although	the	high	thermodynamic	and	kinetic	stability	of	CO2	makes	its	direct	utilization	particularly	challenging,	the	
last	decades	have	witnessed	great	advances	in	the	field	of	transition	metal	catalyzed	carboxylation	reactions	(path	f).3	
These	 technologies	 have	 evolved	 from	 classical	 carboxylations	 of	 polarized	 organometallic	 reagents	 to	 modern	
reductive	 carboxylation	 reactions,	which	allow	 the	direct	utilization	of	organic	halides	 and	C-O	electrophiles.	 These	
techniques	represent,	practicality	and	conceptuality	aside,	a	straightforward	alternative	to	the	previous	methods	for	
the	preparation	of	added-value	carboxylic	acids.		
	
                                                
7	H.	Maag	Prodrugs	of	Carboxylic	Acids;	Springer:	New	York,	2007.	
8	https://www.gminsights.com/industry-analysis/carboxylic-acid-market	
9	A.	Dibenedetto,	M.	Aresta	ACS	Symp.	Ser.	2002,	809,	54-70.	
10	X.	F.	Wu,	X.	Fang,	L.	Wu,	R.	Jackstell,	H.	Neumann,	M.	Beller,	Acc.		Chem.	Res.	2014,	47,	1041-1053.	
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Scheme	1.3.	Main	synthetic	approaches	to	carboxylic	acid	derivatives.	
	
1.2.	The	Molecular	Properties	of	CO2	and	Coordination	Modes	to	Transition	Metals		
 
The	activation	of	carbon	dioxide	by	transition	metals	 typically	occurs	through	its	coordination	to	the	metal	center	
and	 therefore	 it	 is	 crucial	 to	 understand	 the	molecular	 properties	 of	 CO2	which	 in	 turn	 determine	 its	 coordination	
modes.	 	 Carbon	 dioxide	 is	 a	 linear	 triatomic	 molecule	 with	 D∞h	 symmetry	 in	 which	 the	 C	 atom	 displays	 sp	
hybridization	as	a	consequence	of	being	bound	to	two	adjacent	O	atoms	through	double	bonds	(1.16	Å).	This	 linear	
and	symmetric	geometry	results	in	dipole	moments	that	oppose	each	other,	conferring	CO2	a	non-polar	nature	as	well	
as	high	kinetic	and	thermodynamic	stability.		These	opposing	dipoles	have	a	profound	effect	on	the	electronic	nature	
of	CO2	making	it	an	amphoteric	molecule,	weakly	Lewis	acidic	at	the	carbon	atom	and	weakly	Lewis	basic	around	the	
oxygen	atoms.	Nevertheless,	CO2	 is	a	better	acceptor	than	donor	of	electron	density	and	the	electrophilic	nature	of	
the	carbon	atom,	rather	than	the	weak	nucleophilic	character	of	the	oxygen	atoms,	mainly	governs	its	reactivity.		
	
From	a	molecular	orbital	(MO)	perspective	the	HOMO	(1πg-occupied	MO)	is	centered	on	the	oxygen	atom	while	the	
LUMO	(2πu-unoccupied	MO)	on	the	carbon	atom.	As	a	consequence,	highly	electron	rich	species	such	as	low	oxidation	
state	 transition	metals	will	 normally	 bind	 through	 the	 carbon	 atom,	whereas	 electron-poor	 centers	 such	 as	 highly	
oxidized	metals	coordinate	with	the	oxygen	atoms.11	The	CO2	molecule	contains	two	sets	of	orthogonal	p-orbitals	that	
interact	 with	 the	 d-orbitals	 of	 transition	metals.	 Although	 CO2	 might	 bind	multiple	 metal	 complexes,	 most	 of	 the	
catalytic	carboxylation	reactions	can	be	rationalized	by	four	basic	coordination	modes	to	CO2	(Scheme	1.4).
11	The	η1-C	
coordination	mode	is	typically	observed	with	electron-rich	metal	complexes	having	high	energy	dσ-type	orbital,	where	
a	 charge	 transfer	 interaction	 between	 the	 anti-bonding	 π*	 orbital	 of	 CO2	 and	 a	 dz
2	 metal	 orbital	 is	 established.	
Alternatively,	the	binding	to	the	carbon	atom	can	occur	through	a	η2(C,O)	side-on	coordination,	typically	observed	in	
complexes	with	a	high-energy	dπ-type	orbital.	In	this	particular	case,	there	is	a	σ	bond	from	the	π-orbital	of	CO2	to	an	
empty	dz
2	metal	orbital	as	well	as	a	π-back	bonding	donation	from	a	dxy	metal	orbital	to	an	empty	π*	orbital	of	CO2.	In	
the	 case	 of	 electron-poor	metal	 complexes	 the	molecule	 of	 CO2	 coordinates	 in	 either	 a	η
1-O	 end-on	 coordination	
mode	 or	 in	 a	 η1(O,O)	 fashion,	 the	 latter	 being	 favored	 with	 alkali	 metals.	 Among	 all	 binding	 modes,	 the	 η2(C,O)	
coordination	is	the	one	most	frequently	observed,	as	illustrated	by	the	multiple	number	of	metal	complexes	that	have	
been	isolated	and	characterized	by	X-ray	diffraction.12	
	
                                                
11	M.	Aresta,	A.	Dibenedetto,	E.	Quaranta	Reaction	Mechanisms	in	Carbon	Dioxide	Conversion	Springer-Verlag:	Berlin	Heidelberg	2016		
12	a)	G.	S.	Bristow,	P.	B.	Hitchcock,	D.M.	Lappert.	J.	Chem.	Soc.	Chem.	Commun.	1981,	21,	1145-1146.	b)	D.	H.	Gibson.	Chem.	Rev.	1996,	96,	
2063-2095.	c)	D.	H.	Gibson,	Coord.	Chem.	Rev.	1999,	185-186,	335-355.	d)	X.	Yin,	J.	R.	Moss,	Coord.	Chem.	Rev,	1999,	181,	27-59.	
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Scheme	1.4.	Properties	of	CO2	and	coordination	modes	to	transition	metals.		
	
With	the	exception	of	the	η1–O	end-on	mode	which	maintains	a	(quasi-)linear	geometry,	the	binding	of	the	metal	
center	to	CO2	causes	a	significant	distortion	of	the	O–C–O	angle.	This	can	be	explained	looking	at	the	Walsh	diagram	
of	the	molecule	of	CO2,	which	shows	that	if	electron	density	is	transferred	to	the	LUMO,	the	molecule	minimizes	the	
energy	 by	 bending	 and	 the	 optimized	 energy	 state	 is	 reached	 at	 an	 O–C–O	 angle	 of	 125°-133°.13	This	 observation	
should	not	be	underestimated,	as	this	binding	significantly	 lowers	the	activation	energy	required	for	CO2	activation,	
thus	 enabling	 transition	 metal	 catalyzed	 carboxylations	 processes.	 Although	 other	 pathways	 are	 potentially	
conceivable,	 the	 conversion	 of	 CO2	 into	 the	 targeted	 carboxylic	 acid	 can	 be	 explained	 through	 three	 different	
pathways	(Scheme	1.5):	initial	coordination	of	the	metal	center	to	CO2	followed	by	reaction	with	the	substrate	(path	
a);	interaction	of	the	substrate	to	the	metal	center	prior	to	CO2	binding	or	insertion	(path	b);	dual	coordination	of	the	
substrate	 and	 CO2	 to	 the	metal	 center	 (path	 c).	 Looking	 at	 the	 recent	 literature	 on	metal	 catalyzed	 carboxylation	
reactions,	 it	 is	 evident	 that	 nickel	 catalysts	 have	 become	 privileged	 entities	 for	 the	 catalytic	 carboxylation	 of	
organometallic	reagents,	organic	(pseudo)halides	or	(un)saturated	hydrocarbons,	among	others.	Independently	of	the	
pathway	 of	 these	 transformations,	 it	 is	 inevitable	 to	 establish	 a	 connection	 between	 the	 recent	 advances	 in	 Ni-
catalyzed	carboxylation	reactions14	and	Aresta's	complex	(Cy3P)2Ni(CO2).	Indeed,	this	was	the	first	CO2	transition	metal	
complex	 that	 could	 be	 structurally	 characterized	 containing	 a	η2(C,O)	 coordination	 mode,	 two	 non-equivalent	 CO	
bonds	(1.17	Å	and	1.22	Å	compared	to	1.16	Å	in	the	free	molecule)	and	an	O-C-O	angle	of	133°.15,16	Although	Aresta's	
complex38	 and	many	other	Ni-complexes	 have	 found	 application	 for	 enabling	 catalytic	 CO2	 carboxylation	 reactions,	
other	 metals	 such	 as	 Rh,	 Ru,	 Ir,	 Co,	 Cu,	 Au	 or	 Fe	 have	 been	 also	 successfully	 employed	 in	 reactions	 that	 are	
complementary	or	even	beyond	reach	with	Ni-catalysis.17	
 
	
	
Scheme	1.5.	Common	catalytic	carboxylation	pathways	and	Aresta	complex. 
  
                                                
13	P.	Atkins,	T.	Overton,	J.	Rourke,	M.	Weller,	F.	Armstrong,	Shriver	and	Atkins’	Inorganic	Chemistry;	Oxford	University	Press,	Fifth	Edition.	 
14	S.	Z.	Tasker,	E.	A.	Standley,	T.	F.	Jamison,	Nature	2014,	509,	299-309.			
15	M.	Aresta,	C.	F.	Nobile,	V.	G.		Albano,	E.	Forni,	M.	Maassero,	J.	Chem.	Soc.	Chem.	Commun.	1975,	636-637.	
16	For	the	first	X-ray	characterization:	A.	Doehring,	P.	W.	Jolly,	C.	Krueger,	M.	J.	Romao,	Z.	Naturforsch.	B	1985,	40B,	484-488.	
17	A.	Tortajada,	F.	Juliá-Hernández,	M.	Börjesson,	T.	Moragas,	R.	Martin	Angew.	Chem.	Int.	Ed.	2018,	57,	15948-15982.	
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1.3.	Metal	Catalyzed	Carboxylation	of	Organometallic	reagents 
	
The	 insertion	 of	 CO2	 across	 a	metal-carbon	 bond	 is	 a	well-known	process	 that	 dates	 back	 to	 the	 early	 twentieth	
century.	 Specifically,	 it	was	 discovered	 that	 organometallic	 coupling	 partners	 such	 as	 organomagnesium	 or	 lithium	
compounds	 could	 react	 directly	 with	 CO2,	 overcoming	 the	 inherent	 thermodynamic	 and	 kinetic	 stability	 of	 this	
molecule.	 However,	 the	 high	 reactivity	 of	 these	 organometallics	 resulted	 in	 carboxylation	 processes	 with	 poor	
functional	 group	 tolerance,	 thus	 limiting	 their	 applicability	 in	 organic	 synthesis.18	More	 recently,	 the	 synthetic	
community	has	been	focused	on	designing	increasingly	chemoselective	methods	for	CO2	incorporation	by	using	less-
basic	organometallics.	The	development	of	transition	metal	catalyzed	cross-coupling	reactions,19	together	with	studies	
involving	the	stoichiometric	use	of	transition	metals	in	carboxylation	reactions20	has	allowed	the	development	of	the	
modern	metal-catalyzed	CO2	carboxylation	reactions	of	well-defined	organometallic	species.	Analogous	to	traditional	
cross-coupling	 reactions,	 these	 processes	 mainly	 utilize	 organotin,	 organoboron,	 organozinc	 and	 organoaluminum	
organometallics.		
	
1.3.1.	Organotin	reagents.	
	
In	1997	Shi	and	Nicholas	reported	the	first	carboxylation	of	a	well-defined	organometallic	compound	mediated	by	a	
transition	metal-catalyst.21	It	was	found	allyl	stannanes	(1.1)	could	be	converted	into	the	corresponding	tin	esters	(1.2)	
by	employing	simple	Pd(PPh3)4	as	catalyst	at	70	ºC	under	high	pressure	of	CO2	(33	atm)	(Scheme	1.6,	 left).	Although	
this	protocol	represented	a	great	step	forward	for	the	field,	partial	Pd-catalyzed	alkene	isomerization	of	the	product	
was	observed	while	more	substituted	analogues	 failed	 to	undergo	any	CO2	 insertion.	A	 few	years	 later,	Wendt	and	
Johansson	discovered	that	the	reaction	could	proceed	under	lower	pressure	of	CO2	(4	atm)	and	at	room	temperature	
if	a	pincer	 ligated	Pd-catalyst	was	employed	(1.3)(Scheme	1.6,	right).22	The	authors	observed	an	 important	effect	of	
the	ligand	with	less-sterically	hindered	backbones	containing	electron-withdrawing	groups	providing	the	best	results.	
	
	 	
	
Scheme	1.6.	Initial	Pd-catalyzed	carboxylations	of	allyl	stannanes.		
	
In	 2011,	 the	Hazari	 group	extended	 the	 family	 of	 Pd	 catalysts	 that	 could	be	utilized	 for	 the	 carboxylation	of	 allyl	
stannanes.23	It	 was	 found	 that	 Pd(II)	 N-heterocyclic	 carbene	 (NHC)	 complex	 (1.4)	 allowed	 the	 carboxylation	 of	
substituted	 allyl	 stannanes	 (1.1)	 in	 excellent	 yields	 under	 very	mild	 conditions	 (Scheme	1.7,	 left).	 Shortly	 after,	 the	
same	 group	 reported	 the	 synthesis	 of	 a	 new	 family	 of	more	 stable	 and	 easier	 to	 synthesize	 of	 Pd(I)-bridging	 allyl	
dimers	(1.5)	that	could	be	employed	for	the	same	purpose	(Scheme	1.7,	right).24		
                                                
18	A.	S.	Hussey,	J.	Am.	Chem.	Soc.	1951,	73,	1364–1365.			
19	Metal-Catalyzed	Cross-Coupling	Reactions	and	More	(Eds.	A.	Meijere,	S.	Brase,	M.	Oestreich),	Wiley-VCH,	Weinheim,	2014.	
20	For	selected	references:	a)	S.	Inoue,	Y.	Yokoo,	J.	Organomet.	Chem.	1972,	39,	11-16.	b)	A.	Miyashita,	A.	Yamamoto,	J.	Organomet.	Chem.	
1973,	49,	 C57-C58.	 c)	M.	 Aresta,	 C.	 F.	 Nobile,	 V.	 G.	 Albano,	 E.	 Forni,	M.	Manasse,	 J.	 Chem.	 Soc.,	 Chem.	 Comm.	1975,	 636-637.	 d)	 I.	 S.	
Kolomnikov,	A.	O.	Gusev,	T.	S.	Belopotapova,	M.	K.	Grigoryan,T.	V.		Lysyak,	Y.	Struchkov,		M.	-E.	Vol’pin,	J.	Organomet.	Chem.	1974,	69,	C10-
C12.	
21	Shi,	M.;	Nicholas,	K.	M.	J.	Am.	Chem.	Soc.	1997,	119,	5057-5058.	
22	Johansson,	R.;	Wendt,	O.	F.	Dalton	Trans.	2007,	488-492.	
23	J.	Wu,	N.	Hazari	Chem.	Commun.	2011,	47,	1069-1071.	
24	D.	P.	Hruszkewycz,	J.	Wu,	N.	Hazai,	C.	D.	Incarvito	J.	Am.	Chem.	Soc.	2011,	133,	3280-3283.	
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Scheme	1.7.	Pd-catalyzed	carboxylations	of	allyl	stannanes.	
	
Both	 Wendt 25 	and	 the	 Hazari 26 	studied	 the	 mechanism	 of	 this	 transformation	 employing	 both	 theoretical	
calculations	and	experimental	results	(Scheme	1.8).	The	mechanism	is	believed	to	proceed	through	the	intermediate	
η1-allyl	Pd(II)	(I)	which	is	generated	upon	transmetallation	of	the	allyl	stannane	to	the	Pd(II)	precatalysts.	Interestingly,	
CO2	insertion	does	not	occur	via	direct	insertion	into	the	Pd-C	bond,	but	rather	from	nucleophilic	attack	of	the	olefin	
onto	the	electrophilic	carbon	dioxide	center	(II).	This	leads	to	zwitterionic	intermediate	III	which,	after	isomerization	
through	 IV,	 forms	 Pd-carboxylate	 (V).	 Transmetallation	 of	 this	 species	 with	 the	 allyl	 stannane	 regenerates	
intermediate	I	while	affording	the	corresponding	tin	ester	(1.2).		
	
	
	
Scheme	1.8.	Mechanistic	rationale	for	the	Pd-catalyzed	carboxylation	of	allyl	stannanes.	
	
1.3.2.	Organoboron	reagents	
	
Metal	catalyzed	cross-coupling	reactions	of	organoboron	compounds	have	gained	considerable	attention	over	 the	
last	 decades,	 becoming	 one	 of	 the	 most	 important	 classes	 of	 cross-coupling	 reactions	 in	 academic	 and	 industrial	
laboratories.	Due	to	their	stability,	ready	availability	and	ease	of	handling,	these	reagents	have	also	become	important	
in	 the	 field	 of	 catalytic	 carboxylation	 reactions.	 Iwasawa	 reported	 the	 first	 metal-catalyzed	 carboxylation	 of	 an	
organoboron	reagent	 in	2006	(Scheme	1.9).27	The	authors	discovered	the	carboxylation	of	a	wide	range	of	aromatic	
and	vinyl	neopentyl	glycol	boronic	esters	was	feasible	utilizing	a	Rh(I)	catalyst	and	bidentate	phosphine	ligand,	forming	
the	 desired	 carboxylic	 acids	 in	 good	 to	 excellent	 yields	 under	 atmospheric	 pressure	 of	 CO2.	 The	 reaction	 requires	
                                                
25	M.	T.	Johnson,	R.	Johansson,	M.	V.	Kondrashov,	G.	Steyl,	M.	S.	G.	Ahlquist,	A.	Roodt,	O.	F.	Wendt,	Organometallics	2010,	29,	3521-3529.	
26	J.	Wu,	J.	C.	Green,	N.	Hazari,	D.	P.	Hruszkewycz,	C.	D.	Incarvito,	T.	J.	Schmeier	Organometallics	2010,	29,	6369-6376.	
27	K.	Ukai,	M.	Aoki,	J.	Takaya,	N.	Iwasawa	J.	Am.	Chem.	Soc.	2006,	128,	8706-8707.	
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super-stoichiometric	quantities	of	cesium	fluoride	which	 is	 likely	accelerating	 the	 transmetallation	step	 through	 the	
intermediacy	of	tetracoordinated	boron	ate	complex	(1.6’).	Moreover,	it	could	also	enhance	the	nucleophilicity	of	the	
aryl	rhodium	species	towards	CO2	insertion.		
	
	
	
Scheme	1.9.	Rh-catalyzed	carboxylation	of	organoboron	compounds	
	
Shortly	after,	the	same	authors	observed	that	the	carboxylation	of	neopentyl	boronic	esters	could	also	be	achieved	
using	a	cheaper	copper	catalyst	in	combination	with	a	bisoxazoline	ligand	(Scheme	1.10,	conditions	A).28	Interestingly,	
these	conditions	 led	 to	 improved	 functional	group	compatibility	when	compared	 to	 the	Rh-catalyzed	carboxylation.	
Hou	reported	a	similar	transformation	using	NHC	ligands	and	one	equivalent	of	tBuOK,	thus	significantly	reducing	the	
amount	 of	 base	 required	 (Scheme	 1.10,	 conditions	 B).29	Furthermore,	 the	 utilization	 of	 IPr	 as	 ligand	 dramatically	
improves	the	efficiency	and	applicability	of	this	carboxylation	as	the	reaction	proceedes	with	catalyst	loadings	as	low	
as	1	mol%	and	with	 improved	reaction	yields.	 Importantly,	 the	authors	were	able	to	 isolate	and	characterize	all	 the	
reaction	intermediates	within	the	catalytic	cycle,	thus	providing	compelling	evidence	of	the	reaction	mechanism	which	
is	further	supported	by	DFT	calculations.30	Initial	transmetallation	takes	place	via	a	B-O-Cu	bridged	intermediate	(X)	to	
afford	 the	 IPrCu-aryl	 complex	 (XI).	 Subsequent	 rate-determining	CO2	 insertion	and	 final	 salt	metathesis	with	 tBuOK	
generates	a	potassium	carboxylate	(1.7’‘)	while	reinitiating	the	catalytic	cycle.		
	
                                                
28	J.	Takaya,	S.	Tadami,	K.	Ukai,	N.	Iwasawa	Org.	Lett.	2008,	10,	2697-2700.	
29	T.	Ohishi,	M.	Nishiura,	Z.	Hou,	Angew.	Chem.	2008,	127,	5876-5879;	Angew.	Chem.	Int.	Ed.	2008,	47,	5792-5795.	
30	L.	Dang,	Z.	Lin,	T.	B.	Marder	Organometallics	2010,	29,	917-927.	
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Scheme	1.10.	Cu-catalyzed	carboxylation	of	aryl	and	vinyl	boronates.	
	
In	2012,	Lu	demonstrated	that	the	carboxylation	of	aromatic	boronic	esters	was	not	limited	to	the	use	of	Rh	or	Cu	as	
transition	 metals,	 as	 catalytic	 amounts	 of	 AgOAc	 in	 combination	 with	 PPh3	 and	 tBuOK	 was	 found	 to	 be	 equally	
effective	although	higher	pressure	of	CO2	 (20	atm)	was	 required	 (Scheme	1.11,	conditions	A).
31	Furthermore,	Nolan	
has	developed	a	Ni-catalyzed	carboxylation	of	aryl	and	vinyl	neopentyl	glycol	boronic	esters	by	employing	a	Ni(II)allyl	
precatalyst	supported	by	a	sterically	hindered	NHC	ligand	(L1.2)	(Scheme	1.11,	conditions	B).32	The	reaction	proved	to	
be	 highly	 efficient	 and	 general,	 as	 no	 by-products	 were	 observed	 and	 excellent	 yields	 were	 typically	 obtained.	
Interestingly,	some	boron	ate	complexes	(1.6’’)	could	be	isolated	and	characterized	and	their	role	as	transmetalating	
reagents	was	demonstrated.	
	
	
	
Scheme	1.11.	Ni-catalyzed	carboxylation	of	aryl	and	vinyl	boronates	
	
                                                
31	X.	Zhang,	W.	–Z.	Zhang,	L.	–L.	Shi,	C.	–X.	Guo,	L.	–L.	Zhang,	X.	–B.	Lu	Chem.	Commun.	2012,	48,	6292-6294.	
32	Y.	Makida,	E.	Marelli,	A.	M.	Z.	Slawin,	S.	P.	Nolan,	Chem.	Commun.	2014,	50,	8010-8013.	
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While	 the	 previous	 transformations	 established	 the	 means	 for	 the	 carboxylation	 of	 well-defined	 aryl	 and	 vinyl	
boronates	 with	 high	 catalytic	 efficiency,	 finding	 strategies	 that	 rapidly	 access	molecular	 complexity	 would	 also	 be	
particularly	 appreciated	 in	 organic	 endeavors.	 To	 this	 end,	 Kimura	 developed	 a	multicomponent	 approach	 for	 the	
preparation	 of	 acrylic	 acids	 through	 the	 utilization	 of	 terminal	 alkynes	 (Scheme	 1.12).33	It	 was	 proposed	 that	 the	
reaction	 proceeds	 through	 an	 alkynyl	 boron	 ate	 complex	 (1.8’)	 that	 upon	 protonation	 with	 methanol	 undergoes	
stereoselective	[1,2]-alkyl	migration	to	form	a	vinyl	boronate	species	(1.10)	that	undergoes	CO2	carboxylation	in	the	
presence	 of	 copper	 catalyst	 IPrCuCl	 analogous	 to	 that	 reported	 by	 Hou29.	 Although	 the	 reaction	 was	 limited	 to	
aromatic	terminal	alkynes,	the	authors	demonstrated	that	not	only	commercially	available	trialkyl	boranes,	but	also	
those	 formed	 from	 alkene	 hydroboration	 could	 be	 utilized	 under	 their	 conditions.	 Despite	 making	 a	 considerable	
contribution	 to	 the	development	of	multicomponent	 carboxylation	 reactions,	 the	high	 amount	of	 borane	 and	base	
required	is	an	important	drawback	to	be	overcome	in	the	future.	
	
 	
	
Scheme	1.12.	Cu-catalyzed	synthesis	multicomponent	carboxylation.	
	
The	successful	development	of	carboxylations	of	sp2	neopentyl	glycol	boronates	suggest	that	these	strategies	could	
be	implemented	for	the	carboxylation	of	more	challenging	and	versatile	nucleophiles	such	as	those	containing	sp3	C-B	
bonds	 with	 different	 boronic	 ester	 functionalities.	 This	 was	 indeed	 demonstrated	 by	 Hazari	 who	 developed	 a	
palladium	 catalyzed	 carboxylation	 of	 allyl	 boronic	 esters	 containing	 a	 pinacol	 or	 diisopropyl	 boronate	 functionality	
utilizing	 the	 Pd-complexes	 (1.4	 and	 1.5)	 previously	 used	 for	 the	 carboxylation	 of	 allyl	 stannates	 (Scheme	 1.7).23,24	
Furthermore,	Duong	applied	the	conditions	developed	by	Hou29	to	achieve	the	carboxylation	of	allyl	pinacol	boronic	
esters	 (Scheme	1.13).34	The	reaction	proved	to	be	highly	selective	 for	 the	branched	β,γ-unsaturated	carboxylic	acid,	
which	could	be	obtained	in	moderate	to	good	yields.	Indeed,	the	same	product	is	obtained	starting	from	regioisomeric	
allyl	 boronates	 indicates	 the	 presence	 of	 an	 allycopper	 intermediate	 which	 exist	 in	 a	 metallotropic	 equilibrium	
between	two	σ-complexes	(XIV	and	XV).	The	reaction	 is	thought	to	proceed	via	an	SE’-type	pathway	from	the	more	
sterically	 accessible	 primary	 allyl	 copper	 intermediate	 (XIV)	 which	 triggers	 CO2	 insertion	 at	 the	 γ-position	 to	 form	
copper	carboxylate	XVI.	Many	substitution	patterns	could	be	tolerated,	although	steric	hindrance	at	the	γ-position	of	
the	 boronate	 resulted	 in	 either	 lower	 selectivity	 or	 no	 product	 formation	 (1.12e	 and	 1.12f),	 thus	 supporting	 the	
proposed	mechanism.	
	
                                                
33	K.	Kuge,	Y.	Luo,	Y.	Mori,	G.	Onodera,	M.	Kimura,	Org.	Lett.	2017,	19,	854-857.	
34	H.	A.	Duong,	P.	B.	Huleatt,	Q.	–W.	Tan,	E.	L.	Shuying,	Org.	Lett.	2013,	15,	4034-4037.	
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Scheme	1.13.	Cu-catalyzed	carboxylation	of	allyl	pinacol	boronates.	
	
With	 the	 aim	of	 extending	 the	 carboxylation	of	organoboranes	beyond	 the	use	of	 sp2	C-B	bonds	or	 activated	 sp3	
allylic	motifs,	the	groups	of	Sawamura35	and	Hou36	reported	independently	a	two-step	sequence	consisting	of	alkene	
hydroboration	followed	by	subsequent	carboxylation,	achieving	for	the	first	time	the	carboxylation	of	non-activated	
sp3	 C-B	 bonds	 (Scheme	 1.14).	 The	 group	 of	 Sawamura	 found	 a	 catalytic	 system	 consisting	 of	 CuOAc	 and	 1,10-
phenantroline	whereas	Hou	and	co-workers	exploited	the	high	reactivity	of	their	IPrCuCl	catalyst.	 In	either	case,	the	
use	of	9-BBN	proved	critical	for	success	and	the	reaction	is	believed	to	proceed	via	the	intermediacy	of	a	bridged	Cu-
O-B	species,	similarly	 to	what	was	proposed	for	 the	carboxylation	of	aryl	motifs	 (Scheme	1.10).	Despite	these	great	
advances,	these	methodologies	remained	confined	to	the	use	of	terminal	alkenes	as	secondary	positions	could	not	be	
carboxylated.		
	
	
	
Scheme	1.14.	Cu-catalyzed	carboxylation	of	terminal	alkenes.	
	
Recently,	 the	 group	 of	 Skrydstrup	 could	 overcome	 this	 drawback	 by	 using	 cesium	 fluoride	 as	 base	 and	 elevated	
temperature	(120	ºC).37	Under	these	conditions,	a	range	of	internal	olefins,	as	well	as	styrene	and	stilbene	derivatives,	
could	 formally	undergo	carboxylation	via	 the	 formation	of	 the	alkyl	borane	 intermediates	1.17	 (Scheme	1.15).	As	 it	
could	be	anticipated	 from	 the	utilization	of	9-BBN	as	 the	hydroborylation	 reagent,	high	 regio-	and	 stereoselectivity	
was	 observed	 in	 the	 final	 products.	 The	 authors	 also	 observed	 that	 terminal	 alkynes	 could	 undergo	 double	
hydroborylation/carboxylation	 to	 afford	 the	 corresponding	 malonic	 acids.	 Finally,	 a	 series	 of	 natural	 products	
                                                
35	H.	Ohmiya,	M.	Tanabe,	M.	Sawamura,	Org.	Lett.	2011,	13,	1086-1088.	
36	T.	Ohishi,	L.	Zhang,	M.	Nishiura,	Z.	Hou,	Angew.	Chem.	2011,	123,	8264-8267.	Angew.	Chem.	Int.	Ed.		2011,	50,	8114-8117.	
37	M.	Juhl,	S.	L.	R.	Laursen,	Y.	Huang,	D.	U.	Nielsen,	K.	Daasbjerg,	T.	Skrydstrup,	ACS	Catal.	2017,	7,	1392-1396.	
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containing	internal	olefins	(e.g.	1.18b)	were	successfully	carboxylated,	demonstrating	the	synthetic	applicability	of	this	
protocol.	
	
 	
	
Scheme	1.15.	Cu-catalyzed	synthesis	of	secondary	carboxylic	acids	and	malonic	acids.	
 
1.3.3.	Organozinc	reagents	
	
Although	 the	 vast	majority	 of	 studies	 on	 the	 catalytic	 carboxylation	 of	 well-defined	 organometallic	 species	 have	
been	carried	out	with	tin-	and	boron-containing	compounds,	organozinc	derivatives	are	the	preferred	cross	coupling	
partners	 in	a	myriad	of	metal	 catalyzed	C-C	bond-formation	 reactions.	 It	 is	 therefore	not	 surprising	 that	 the	metal-
catalyzed	carboxylation	of	these	organometallic	reagents	have	also	been	investigated.	In	2008,	the	groups	of	Dong38	
and	Oshima39	independently	reported	Pd	and	Ni-catalyzed	carboxylation	of	organozinc	reagents	 (Scheme	1.16,	top).	
While	Dong	explored	both	the	catalytic	activity	of	Pd	and	Ni	catalysts	for	the	carboxylation	of	aromatic	and	aliphatic	
organozinc	 reagent,	 Oshima	 discovered	 an	 almost	 identical	 Ni-catalyzed	 carboxylation	 of	 aliphatic	 organozincates	
(Scheme	1.16,	bottom).	It	is	noteworthy	that	all	of	the	developed	transformations	required	a	particularly	electron-rich	
and	sterically	hindered	phosphine	ligand	such	as	PCy3	regardless	of	the	transition	metal	employed.	Likewise,	LiCl	was	
found	 indispensable	 in	 the	 carboxylation	 of	 alkyl	 zinc	 reagents;	 it	 was	 proposed	 to	 accelerate	 transmetallation	 of	
these	species,	as	it	favors	the	formation	of	monomeric	alkyl	zinc	species	over	aggregates	via	coordination	to	the	zinc	
center.40	Importantly,	Dong	demonstrated	that	Aresta’s	complex,	Ni(η2-(CO2)(PCy3)2)	(XIX),	was	catalytically	active	and	
an	intermediate	in	the	catalytic	cycle.	The	mechanism	was	thought	to	proceed	via	initial	η2-binding	of	CO2	to	the	low	
valent	 Ni(PCy3)2	 (XVIII)	 followed	 by	 R-ZnBr	 (1.19)	 transmetallation	 to	 form	 organonickel-CO2	 intermediate	 XX.	
Reductive	elimination	 from	XX	 regenerates	 the	active	Ni(PCy3)2	 complex	while	 forming	 the	 zinc	 carboxylate	 (1.20’).	
Although	most	metal	 catalyzed	carboxylation	 reactions	occur	 through	direct	CO2	 insertion	 into	M-C	bonds	or	 Lewis	
acid	activation,	 this	 report	 is	 a	 rare	example	of	 catalytic	 activation	by	η2-coordination	of	CO2	 to	a	 transition	metal,	
demonstrating	that	the	same	transition	metal	can	have	different	activation	pathways	depending	on	its	oxidation	state	
and	the	ligand	employed.	
	
                                                
38	C.	S.	Yeung,	V.	M.	Dong,	J.	Am.	Chem.	Soc.	2008,	130,	7826-7827.	
39	H.	Ochiai,	M.	Jang,	K.	Hirano,	H.	Yorimitsu,	K.	Oshima,	Org.	Lett.	2008,	10,	2681-2683.	
40	K.	D.	Nguyen,	B.	Y.	Park,	T.	Luong,	H.	Sato,	V.	J.	Garza,	M.	J.	Krische,	Science,	2016,	354,	300.	
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Scheme	1.16.	Cu-catalyzed	synthesis	of	secondary	carboxylic	acids	and	malonic	acids.	
 
1.3.4.	Organoaluminium	reagents	
	
It	 is	well	 known	 that	 the	 hydro-41	or	 carboalumination42	of	 unsaturated	 hydrocarbons	 provides	 a	 direct	 access	 to	
alkenyl	 organoaluminium	 species.	 In	 a	 similar	 manner	 to	 the	 reported	 hydroboration/carboxylation	 sequence	
highlighted	 previously,	 Hou	 described	 a	 new	 route	 to	 both	 branched	 and	 linear	 α,β–unsaturated	 carboxylic	 acids	
through	 an	 Scandium-,	 Zirconium-	 or	 Nickel-catalyzed	 carbo-	 or	 hydroalumination	 of	 alkynes	 followed	 by	 a	 Cu-
catalyzed	 carboxylation	 reaction	 (Scheme	 1.17). 43 	Although	 this	 one-pot	 two-steps	 sequence	 displayed	 a	 low	
functional	group	tolerance	derived	from	the	high	reactivity	of	the	alkyl	aluminium	species,	it	provides	access	to	many	
of	the	possible	isomeric	alkenyl	carboxylic	acids	starting	from	the	same	alkyne.	The	group	of	Xi,44	following	the	same	
principle,	 extended	 this	 approach	 to	 the	 use	 of	 alkenylzircononcene	 species	 generated	 upon	 alkylzirconation	 of	
different	alkynes	using	Cp2ZrR2,	although	the	reaction	proved	not	to	be	as	efficient.	
	
                                                
41	Selected	examples	of	hydroalumination	of	alkynes:	a)	J.	J.	Eisch	in	Comprehensive	Organic	Synthesis,	Vol.	8	(Eds.:	B.	M.	Trost,	I.	Fleming,	
S.	L.	Schreiber),	Pergamon,	Oxford,	1991,	pp.	733–761.	b)	K.	Akiyama,	F.	Gao,	A.	H.	Hoveyda,	Angew.	Chem.	2010,	122,	429-433,	Angew.	
Chem.	Int.	Ed.	2010,	49,	419-423.	
42	Selected	examples	of	methylalumination	of	alkynes:	a)	E.	Negishi,	D.	E.	Van	Horn,	T.	Yoshida,	J.	Am.	Chem.	Soc.	1985,	107,	6639-6647.	b)	
E.	Negishi,	Pure	Appl.	Chem.	1981,	53,	2333-2356.	c)	S.	Ma,	E.	Negishi,	J.	Org.	Chem.	1997,	62,	784–785.	
43	M.	Takimoto,	Z.	Hou,	Chem.	Eur.	J.	2013,	19,	11439-11445.	
44	S.	Wang,	P.	Shao,	C.	Chen,	C.	Xi,	Org.	Lett.	2015,	17,	5112-5115.	
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Scheme	1.17.	Tandem	alumination	Cu-catalyzed	carboxylation	of	alkynes	
 
By	 using	 an	 alkyl	 amido	 lithium	 aluminate	 such	 as	 those	 developed	 by	 Uchiyama,45	Hou	 could	 directly	 access	
aromatic	 and	 allylic	 aluminates	 (1.25)	 through	 deprotometallation.	 The	 subsequent	 carboxylation	 of	 these	 species	
through	 a	 Cu-catalyzed	 carboxylation	 gives	 access	 to	 aryl	 and	 vinyl	 carboxylic	 acids,	 representing	 a	 formal	 C-H	
carboxylation	 reaction	 (Scheme	 1.18).46,47	As	 anticipated,	 a	 directing	 group	 was	 essential	 for	 the	 formation	 of	 aryl	
aluminates,	while	for	allylic	aluminates	a	2-aryloxy	moiety	was	required.	Furthermore,	the	ligand	had	a	non-negligible	
influence	 on	 reactivity,	with	 IPr	 being	 particularly	 suited	 for	 the	 carboxylation	 of	 aryl	 aluminates	 and	 IMes	 for	 the	
carboxylation	of	allyl	derivatives.	The	authors	also	observed	that	the	utilization	of	catalytic	amounts	of	DBU	resulted	in	
an	isomerization	to	afford	the	corresponding	α,β–unsaturated	acids.	
	
	
	
Scheme	1.18.	Tandem	alumination	Cu-catalyzed	carboxylation	of	alkynes	
	 	
                                                
45	M.	Uchiyama,	H.	Naka,	Y.	Matsumoto,	T.	Ohwada,	J.	Am.	Chem.	Soc.	2004,	126,	10526-10527.	
46	A.	Ueno,	M.	Takimoto,	W.	N.	O.	Wylie,	M.	Nishiura,	T.	Ikariya,	Z.	Hou,	Chem.	Asian	J.	2015,	10,	1010-1016.	
47	A.	Ueno,	M.	Takimoto,	Z.	Hou,	Org.	Biomol.	Chem.	2017,	15,	2370-2375.	
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1.4.	Metal	Catalyzed	Reductive	Carboxylation	of	Organic	(Pseudo)Halides	
	
Despite	the	great	advances	realized	 in	the	field	of	catalytic	carboxylation	of	organometallic	reagents,	the	need	for	
stoichiometric	amounts	of	organometallic	 species	might	potentially	 limit	 their	 implementation	 in	complex	synthetic	
sequences	(Scheme	1.19,	 left).	Considering	that	in	many	cases	these	organometallic	reagents	are	prepared	from	the	
corresponding	 organic	 halide	 via	 classical	 metalation	 techniques,48	chemists	 have	 recently	 been	 trying	 to	 develop	
strategies	 to	 promote	 the	 direct	 carboxylation	 of	 organic	 (pseudo)halides	 with	 CO2.	 Unlike	 the	 redox	 neutral	
carboxylation	 of	 organometallic	 reagents	 based	 on	 nucleophile/electrophile	 regimes,49
	
the	 direct	 carboxylation	 of	
organic	 (pseudo)halides	 formally	 falls	 into	 the	 field	 of	 cross-electrophile	 couplings,	50,	as	 both	 CO2	 and	 the	 organic	
(pseudo)halide	contain	electrophilic	carbon	atoms	(Scheme	1.19,	right).	 In	order	to	balance	the	redox	equation	and	
achieve	 a	 catalytic	 process,	 a	 suitable	 reducing	 agent	 is	 therefore	 required.51	Although	 there	 are	 many	 potential	
problems	deriving	from	the	use	of	a	reducing	agent	such	as	competing	dimerization	or	unproductive	reduction	events,	
these	 catalytic	 carboxylation	 reactions	 could	 represent	 a	 powerful	 alternative	 to	 the	 commonly	 employed	
organometallic	reagents.	During	the	last	decade,	the	field	of	catalytic	reductive	carboxylation	has	transformed	into	a	
mature	 discipline	 that	 is	 becoming	 an	 attractive	 tool	 for	 synthetic	 chemists	 principally	 due	 to	 the	 exquisite	
chemoselectivity	profile	in	the	presence	of	numerous	functional	groups,	including	organometallic	species,	opening	up	
possibilities	for	orthogonal	cross-coupling	reactions.		
	
	
	
Scheme	1.19.	Redox	neutral	carboxylations	vs	reductive	carboxylations.	
	
1.4.1.	Initial	stoichiometric	studies	
	
In	 1994,	 Osakada	 and	 Yamamoto	 demonstrated	 that	 a	 well-defined	 Ni(II)	 oxidative	 addition	 complex,	 namely	
Ni(II)Br(Ph)(bpy)	 (XXI),	directly	 reacted	with	CO2	at	atmospheric	pressure	only	when	DMF	was	employed	as	 solvent	
(Scheme	1.20).52	As	revealed	by	calorimetric	measurements,	DMF	coordinates	to	the	Ni	centre	extruding	the	Br	anion,	
triggering	 the	 formation	 of	 a	 Ni(II)	 cationic	 complex	 [Ni(Ph)(bpy)(DMF)]+Br-(XXII).53	The	 authors	 proposed	 that	XXII	
could	 undergo	 CO2	 insertion	 into	 the	 Ar-Ni	 bond	 through	 the	 reversible	 formation	 of	 a	 Ni-CO2	 bound	 oxidative	
addition	complex	[Ni(Ph)(bpy)(CO2)]
+Br-	(XXIII)	where	DMF	has	been	displaced	by	a	molecule	of	CO2,	thus	facilitating	
insertion	into	the	C-Ni	bond.	Although	no	direct	evidence	for	this	intermediate	was	provided,	the	existing	literature	on	
M-CO2	 complexes	 supports	 this	 hypothesis,	 as	 pre-coordination	 to	 the	 transition	 metal	 significantly	 lowers	 the	
activation	energy	required	for	CO2	insertion.
11	Regardless	of	the	specific	mechanism	for	CO2	insertion,	this	publication	
demonstrated	that	the	direct	 insertion	of	CO2	into	a	Ni(II)-C(sp
2)	bond	was	feasible	 if	bpy	and	DMF	were	employed.	
This	 finding	 not	 only	 demonstrated	 the	 ability	 of	 nickel	 to	 promote	 direct	 CO2	 insertion	 into	 an	 oxidative	 addition	
intermediate,	 but	 it	 also	 established	 the	 basis	 to	 start	 conceiving	 catalytic	 processes	 which	 would	 allow	 the	
carboxylation	of	simple	organic	halides.	
                                                
48	a)	D.	Seyferth,	Organometallics	2006,	25,	2–24.	b)	P.	Knochel,	W.	Dohle,	N.	Gommermann,	F.	F.	Kneisel,	F.	Kopp,	T.	Korn,	I.	Sapountzis,	V.	
A.	Vu,	Angew.	Chem.	2003,	115,	4438-4456.	Angew.	Chem.,	Int.	Ed.	2003,	42,	4302-4320.		
49	F.	Diederich,	F.	Meijere	Metal-Catalyzed	Cross-Coupling	Reactions;	Wiley-VCH:	Weinheim,	2004.	
50	a)	 J.	Gu,	 X.	Wang,	W.	Xue,	H.	Gong,	Org.	Chem.	 Front.	2015,	2,	 1411-1421.	b)	D.	 J.	Weix,	Acc.	 Chem.	Res.	2015,	48,	 1767-1775.	 c)	 T.	
Moragas,	A.	Correa,	R.	Martin,	Chem.,	Eur.	J.	2014,	20,	8242-8258.	
51	E.	Richmond,	J.	Moran,	Synthesis	2018,	50,	499-513.	
52	K.	Osakada,	R.	Sato,	T.	Yamamoto,	Organometallics,	1994,	13,	4645-4647.	
53	S.	Ishiguro,	K.	Ozutsumi,	Bull.	Chem.	Soc.	Jpn.	1989,	62,	2392-2393.		
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Scheme	1.20.	Stoichiometric	CO2	insertion	into	a	Ni(II)-C(sp
2)	bond.	
 
1.4.2.	Catalytic	carboxylation	of	organic	halides	
	
Surprisingly,	 this	 field	 remained	unexplored	until	 2009,	when	our	 group	 reported	 a	 Pd-catalyzed	 carboxylation	of	
aryl	bromides	with	CO2	(1-10	atm)	using	Et2Zn	as	reductant	(Scheme	1.21).
54	Bulky	and	electron-rich	phosphines	such	
as	tBuXPhos	(L1.3)	were	selective	for	CO2	insertion	while	minimizing	Negishi-type	cross-coupling	and	dehalogenation	
pathways,	which	could	occur	through	the	intermediacy	of	XXIX.	Despite	the	reactivity	of	Et2Zn,	the	reaction	exhibited	
an	excellent	functional	group	tolerance	as	even	highly	sensitive	functional	groups	such	as	epoxides	(1.28a)	remained	
unaltered.	 Preliminary	 mechanistic	 studies	 ruled	 out	 the	 intervention	 of	 organozinc	 species	 and	 instead	 pointed	
towards	a	catalytic	cycle	consisting	of	 initial	oxidative	addition	of	 the	aryl	bromide	to	 XXVII,	 followed	by	direct	CO2	
insertion	 into	 the	 Ar-Pd(II)	 bond	 of	 intermediate	XXVIII.	 Subsequent	 transmetalation	 of	XXX	 with	 Et2Zn	 forms	 the	
expected	zinc	carboxylate	(1.28’)	and	XXXI,	which	is	reduced	by	Et2Zn	regenerating	Pd(0)	species	XXVII.	
	
	
	
Scheme	1.21.	Pd-catalyzed	carboxylation	of	aryl	bromides.	
 
                                                
54	A.	Correa,	R.	Martin,	J.	Am.	Chem.	Soc.	2009,	131,	15974-15975.	
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While	this	methodology	represented	the	first	example	of	a	reductive	catalytic	carboxylation	of	C-X	bonds,	the	high	
pressure	of	CO2	(10	atm),	the	needs	for	a	pyrophoric	reductant	(i.e.,	Et2Zn)	and	its	restriction	to	aryl	bromides	were	
important	deficiencies	to	overcome.	In	2012,	the	group	of	Tsuji	and	Fujihara	reported	a	Ni-catalyzed	carboxylation	of	
the	more	 challenging	 and	 readily	 available	 aryl	 and	 vinyl	 chlorides	 under	 an	 atmospheric	 pressure	 of	 CO2	 (Scheme	
1.22).55	Key	 to	 their	 success	was	 the	utilization	of	 a	mild	 and	 air-stable	 reducing	 agent	 such	 as	Mn	 (E	 =	 -1.18V),	 in	
combination	 with	 catalytic	 amounts	 of	 an	 ammonium	 salt	 (Et4NI)	 as	 additive.	 Contrary	 to	 what	 was	 found	 when	
employing	Pd	as	catalyst	(Scheme	1.21),	 less	electron-rich	PPh3	or	bipyridine	ligands	afforded	the	best	results	 in	the	
carboxylation	of	aryl	and	vinyl	chlorides	respectively.	It	is	particularly	noteworthy	that	the	oxidative	addition	complex,	
PhNiCl(PPh3)2	 failed	 to	 react	 stoichiometrically	 with	 CO2	 unless	 a	 single-electron	 organic	 reductant	 such	 as	
cobaltocene	 (Co(η5-C5H5)2)	 was	 present	 (Scheme	 1.21,	 right).	 Important	 conclusions	 could	 be	 drawn	 from	 this	
observation	as	 it	evidenced	the	unique	role	of	PPh3	 in	favouring	the	formation	of	reduced	Ni-intermediates,	namely	
Ar-Ni(I)(PPh3)2	(XXXIV),	facilitating	direct	CO2	insertion	into	the	Ar-Ni(I)	bond	(theoretical	calculations	also	support	the	
direct	CO2	 insertion	 into	 this	 intermediate).
56	As	 for	 the	effect	of	 the	additive	 (Et4NI),	 it	was	proposed	to	accelerate	
single	electron	transfer	(SET)	reduction	events	through	the	intermediacy	of	a	bridging	iodide	anion,	thus	mediating	the	
reduction	of	the	Ni(II)	species	(XXXIII)	by	the	heterogeneous	manganese	powder.57	
	
	
	
Scheme	1.22.	Ni-catalyzed	carboxylation	of	aryl	chlorides.	
 
In	2013,	Daugulis	reported	a	Cu-catalyzed	reductive	carboxylation	of	aryl	iodides	using	CuI/TMEDA	or	CuI/DMEDA	as	
catalyst	 in	 combination	 with	 Et2Zn	 as	 reducing	 agent	 (Scheme	 1.23).
58,59	In	 contrast	 to	 the	 previously	 reported	
carboxylations	of	aryl	halides,	highly	sterically	hindered	aryl	 iodides	were	reactive	even	at	room	temperature	under	
                                                
55	T.	Fujihara,	K.	Nogi,	T.	Xu,	J.	Terao,	Y.	Tsuji,	J.	Am.	Chem.	Soc.	2012,	134,	9106-9109.	
56	F.B.	Sayyed,	Y.	Tsuji,	S.	Sakaki,	Chem.	Commun.	2013,	49,	10715-10717.	
57	M.	Iyoda,	H.	Otsuka,	K.	Sato,	N.	Nisato,	M.	Oda,	Bull.	Chem.	Soc.	Jpn.	1990,	63,	80-87.		
58	H.	Tran-Vu,	O.	Daugulis,	ACS	Catal.	2013,	3,	2417-2420.		
59	For	 an	 early	 work	 dealing	 with	 stoichiometric	 amounts	 of	 Cu	 see:	 E.	 G.	 Ebert,	 W.	 L.	 Juda,	 R.	 H.	 Kosakowski,	 B.	 Ma,	 L.	 Dong,	 K.	 E.	
Cummings,	M.	V.	B.	Phelps,	A.	E.	Mostafa,	J.	Luo,	J.	Org.	Chem.	2005,	70,	4314-4317.	
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these	conditions.	The	authors	favoured	a	mechanism	which	resembles	the	one	proposed	in	the	carboxylation	of	aryl	
bromides,	with	CO2	insertion	occurring	into	an	Ar-Cu(I)Ln	oxidative	addition	intermediate.	
	
	
	
Scheme	1.23.	Cu-catalyzed	carboxylation	of	aryl	iodides.	
 
Although	 these	 investigations	established	 the	 inception	of	 catalytic	 reductive	 carboxylation	 reactions,	 it	 remained	
confined	to	the	carboxylation	of	aryl	halides.	Aiming	to	expand	the	field	to	other	electrophiles,	our	group	described	a	
Ni-catalyzed	 reductive	 carboxylation	of	primary,	 secondary	and	even	 tertiary	benzyl	halides	 (Scheme	1.24).60	In	 this	
case,	 highly	 electron-rich	 phosphine	 ligands	 such	 as	 PCp3	 and	 PCy3	 were	 found	 to	 catalyze	 the	 carboxylation	 of	
primary	 and	 secondary/tertiary	 benzyl	 halides,	 respectively.	 Interestingly,	 the	 use	 of	 Zn	 (Eº	 =	 -0.72	 V)	 as	 reducing	
agent,	in	combination	with	a	Lewis	acid	such	as	MgCl2,	was	critical	for	the	carboxylation	of	primary	benzyl	halides.	In	
contrast,	as	observed	in	previous	carboxylation	reactions,55	catalytic	amounts	of	an	ammonium	salt	(nBu4NI)	enabled	
the	 carboxylation	 of	 secondary	 and	 tertiary	 benzyl	 halides.	 Stoichiometric	 experiments	 using	 an	 isolated	 and	
characterized	η3-benzylnickel(II)	complex	(XXXVIII)	revealed	that	the	reaction	does	not	proceed	in	the	absence	of	Zn.	
Additionally,	 control	 experiments	 argued	 against	 the	 intermediacy	 of	 benzyl	 zinc	 reagents	 or	 styrene	 derivatives	
obtained	via	β-hydride	elimination.	Taking	into	consideration	these	experiments,	a	mechanism	was	proposed	in	which	
CO2	 insertion	 occurs	 into	 Ni(I)	 intermediate	 XXXIX,	 generated	 in	 situ	 upon	 Zn	 mediated	 reduction	 of	 XXXVIII	 or	
comproportionation	with	a	Ni(0)Ln	species	(XXXVI).
61	The	absence	of	reactivity	 in	the	presence	of	radical	scavengers	
and	 the	 observed	 racemization	 of	 an	 enantiopure	 benzyl	 bromide	 suggested	 SET	 mediated	 oxidative	 addition	 is	
operative.	In	2014,	a	detailed	DFT	study	revealed	that	CO2	insertion	is	kinetically	and	thermodynamically	favoured	by	
its	interaction	with	MgCl2,	as	the	positively	charged	Mg	interacts	electrostatically	with	the	negatively	charged	O	atom,	
stabilizing	 the	π*	 orbital	 energy	 of	 CO2.	More	 importantly,	 these	 calculations	 supported	 CO2	 insertion	 into	 a	 Ni(I)-
CH2Ph	bond	through	transition	state	XL,	while	the	insertion	into	Ni(II)-CH2Ph	was	thermodynamically	disfavoured.
62	
                                                
60	T.	Leoń,	A.	Correa,	R.	Martin,	J.	Am.	Chem.	Soc.	2013,	135,	1221-1224.	
61	Ni(I)	species	have	shown	to	rapidly	react	with	CO2:	F.	S.	Menges,	S.	M.	Craig,	N.	 	Tötsch,	A.	Bloomfield,	S.	Ghosh,	H.	−	J.	Krüger,	M.	A.	
Johnson,	Angew.	Chem.,	Int.	Ed.	2016,	55,	1282-1285.	
62	F.	B,	Sayyed,	S.	Sakaki,	Chem.	Commun.	2014,	50,	13026-13029.	
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Scheme	1.24.	Ni-catalyzed	carboxylation	of	benzyl	halides.	
 
Subsequently,	 the	 group	 of	 He	 reported	 a	 catalytic	 carboxylation	 of	 primary	 benzyl	 chlorides	 using	 palladium	
catalysis	 (Scheme	 1.25).63	As	 in	 the	 carboxylation	 of	 aryl	 bromides	 (Scheme	 1.21),54	 highly	 electron-rich	 and	 bulky	
SPhos	(L1.4)	was	found	to	be	the	best	 ligand.	 In	addition,	the	inclusion	of	MgCl2	 improved	the	catalytic	efficiency	of	
the	reaction	and	DFT	calculations	favoured	a	pathway	facilitated	by	Lewis	acid	coordination	to	CO2	via	transition	state	
XLVI,	thus	lowering	down	the	activation	energy	required	for	CO2	insertion	into	the	sp
2	C-Pd(II)	bond	of	XLIV.	
	
	
	
Scheme	1.25.	Pd-catalyzed	carboxylation	of	benzyl	halides.	
                                                
63	S.	Zhang,	W.Q.	Chen,	A.	Yu,	L.N.	He,	ChemCatChem.	2015,	7,	3972-3977.		
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Over	recent	years,	photoredox	catalysis	has	emerged	as	a	powerful	tool	for	building	up	molecular	complexity	under	
mild	 reaction	 conditions.64	Owing	 to	 its	 ability	 to	 modulate	 the	 oxidation	 state	 of	 the	 transition	 metal,	 it	 has	
successfully	 been	 applied	 in	 the	 field	 of	 reductive	 couplings,	 replacing	 stoichiometric	 amounts	 of	 metallic	 and	
organometallic	 reductants	 by	 a	 photoredox	 catalyst	 and	 sacrificial	 reductant. 65 	This	 concept	 can	 be	 directly	
implemented	in	the	field	of	reductive	carboxylation	to	enable	the	development	of	more	efficient	and	potentially	novel	
carboxylation	reactions	driven	by	visible	light.	Recently,	Iwasawa	and	Martin	made	the	first	contributions,	merging	Pd	
and	photoredox	catalysis	for	the	carboxylation	of	aryl	bromides	and	chlorides	(Scheme	1.26).66	As	may	be	anticipated	
from	previous	Pd-catalyzed	carboxylation,	54,63	 a	particularly	bulky	and	electron-rich	phosphine	 (tBuXPhos	L1.3)	was	
found	 optimal	 for	 the	 carboxylation	 of	 aryl	 chlorides,	 whereas	 PhXPhos	 (L1.5)	 was	 superior	 for	 aryl	 bromides.	
Although	 reasonable	 yields	 of	 carboxylated	 product	 could	 be	 obtained	 in	 the	 absence	 of	 any	 additive,	 Cs2CO3	was	
critical	 for	 minimizing	 the	 formation	 of	 hydrodehalogenated	 products	 and	 achieving	 high	 yields.	 Preliminary	
mechanistic	 studies	 showed	 a	 mismatch	 between	 the	 reduction	 potential	 of	 the	 oxidative	 addition	 intermediate,	
PhPdBr(XPhos)	 (Pd(II)/Pd(I),	 -2.28	 V	 vs	 Fc/Fc+)	 (XLIX),	 and	 the	 photoredox	 catalyst	 Ir(dF(CF3)ppy)2(dtbpy)(PF6)	
(Ir(III)/Ir(II),	−1.87	V	vs	Fc/Fc+).	On	the	other	hand,	CV	measurements	in	the	presence	of	CO2	indicated	the	formation	of	
a	new	peak	at	around	-1.4	V,	suggesting	the	reduction	of	a	Pd	oxidative	addition	complex	with	CO2	(LII	or	L).	Based	on	
this	observation,	 two	distinct	mechanistic	proposals,	which	diverge	 in	 the	Pd	oxidation	state	at	which	CO2	 insertion	
takes	place,	were	conceived.	
	
 	
	
Scheme	1.26.	Pd/photoredox-catalyzed	carboxylation	of	aryl	halides.	
 
In	2014,	metal-catalyzed	reductive	carboxylations	remained	limited	to	the	use	of	aryl,	benzyl	or	allyl	(pseudo)halide	
that	 easily	 undergo	 oxidative	 addition	 to	 transition	metals.	 This	 suggested	 that	 the	 extension	 of	 this	 field	 to	more	
challenging	 electrophiles	 where	 oxidation	 addition	 is	 difficult	 could	 be	 problematic.	 Although	 great	 advances	 had	
already	 been	 realized	 in	 the	 field	 of	 metal	 catalyzed	 cross-coupling	 reactions	 of	 unactivated	 alkyl	 halides,67	the	
majority	of	these	reactions	rely	on	highly	nucleophilic	organometallic	reagents	which	are	able	to	rapidly	intercept	the	
unstable	 alkyl-metal	 intermediates,	 thereby	 diminishing	 competitive	 unproductive	 pathways	 such	 as	 β-hydride	
elimination	or	homodimerization.	 In	contrast,	CO2	is	an	inert	gas	due	to	its	considerable	thermodynamic	and	kinetic	
                                                
64		a)	N.	A.	Romero,	D.	A.	Nicewicz,	Chem.	Rev.	2016,	116,	10075-10166.	b)	C.	K.	Prier,	D.	A.	Rankic,	D.	W.	C.	MacMillan,	Chem.	Rev.	2013,	
113,	5322-5363.	c)	M.	H.	Shaw,	J.	Twilton,	D.	W.	C.	MacMillan,	J.	Org.	Chem.	2016,	81,	6898-6926.	
65	For	selected	references	see:	a)	A.	Paul,	M.	D.	Smith,	A.	K	Vannucci,	J.	Org.	Chem.	2017,	82,	1996-2003.	B)	K.	N.	Lee,	Z.	Lei,	M-Y.	Nagai,	J.	
Am.	Chem.	Soc.	2017,	139,	5003-5006.	C)	M.	Chen,	X.	Zhao,	C.	Yang,	W.	Xia,	Org.	Lett.	2017,	19,	3807-3810.	
66	K.	Shimomaki,	K.	Murata,	R.	Martin,	N.	Iwasawa,	J.	Am.	Chem.	Soc.	2017,	139,	9467-9470.	
67	A)	J.	Choi,	G.	C.	Fu,	Science	2017,	356,	152.	B)	N.	Kambe,	T.	Iwasaki,	J.	Terao,	Chem.	Soc.	Rev.	2011,	40,	4937-4947.	C)	X.	Hu,	Chem.	Sci.	
2011,	2,	1867-1886.	D)	R.	Jana,	T.	P.	Pathak,	M.	S.	Sigman,	Chem.	Rev.	2011,	111,	1417-1492.	
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stability	and	has	poor	solubility	in	common	organic	solvents,	thus	limiting	its	effective	concentration.68	As	a	result,	 it	
was	anticipated	that	CO2	insertion	into	these	short-lived	alkyl-metal	species	would	be	highly	challenging.	Nevertheless,	
a	solution	to	this	challenge	was	found	by	using	1,10-phenanthroline	ligands	possessing	alkyl	substituents	adjacent	to	
the	nitrogen,	which	in	combination	with	Ni-catalysis,	allowed	the	carboxylation	of	primary	unactivated	alkyl	bromides	
(Scheme	1.27).69	Although	the	specific	function	of	these	ligands	is	still	being	investigated,	the	inclusion	of	alkyl	ortho-
substituents	was	 found	 to	 be	 indispensable	 for	 the	 reaction	 to	 occur.	 Despite	 the	 fact	 that	 this	 reaction	 exhibited	
remarkable	 functional	 group	 tolerance,	 neither	 secondary	 (or	 tertiary)	 alkyl	 bromides	 nor	 the	more	 accessible	 and	
stable	alkyl	chlorides	underwent	carboxylation.	
	
	
	
Scheme	1.27.	Ni-catalyzed	carboxylation	of	unactivated	primary	alkyl	bromides.	
 
Our	 group	 later	 extended	 the	 carboxylation	 of	 alkyl	 bromides	 to	 secondary	 cyclopropyl	 motifs	 	 (Scheme	 1.28)70	
although	 the	 success	 of	 this	 reaction	 is	 believed	 to	 be	 associated	 to	 the	 ring	 strain	 and	 orbital	 rehybridization	 of	
cyclopropyl	rings,71	thus	facilitating	the	CO2	insertion	at	the	sp
3-hybridized	carbon.	It	this	case,	the	addition	of	LiCl	was	
essential	 to	 prevent	 the	 formation	 of	 ring-opened	 products.	 Although	 a	 variety	 of	 cyclopropyl	 bromides	 could	 be	
carboxylated,	 the	 presence	 of	 purely	 aliphatic	 substitution	 inhibited	 the	 formation	 of	 any	 carboxylic	 acid	 (1.41e).	
Notably,	 variable	 cis/trans	 ratios	 were	 found	 for	 unsymmetrically	 substituted	 substrates,	 pointing	 towards	 SET	
processes	and	the	involvement	of	Ni(I)	intermediates.	
	
	
	
Scheme	1.28.	Ni-catalyzed	carboxylation	of	cyclopropyl	bromides.	
 
Despite	the	fact	that	SET	processes	result	in	the	loss	of	stereochemical	integrity,	this	non-classical	oxidative	addition	
can	 be	 advantageous	 for	 the	 development	 of	 methodologies	 involving	 intramolecular	 radical	 reactions	 prior	 to	
recombination,	 allowing	 cross-couplings	 to	 occur	 at	 distal	 positions	 from	 the	 initial	 reaction	 site.	 Specifically,	 our	
                                                
68		M.	B.	Miller,	D-L.	Chen,	D.	R.	Luebke,	J.	K.	Johnson,	R.	Enick,	J.	Chem.	Eng.	Data	2011,	56,	1565-1572.	
69	Y.	Liu,	J.	Cornella,	R.	Martin,	J.	Am.	Chem.	Soc.	2014,	136,	11212-11215.	
70	T.	Moragas,	R.	Martin,	Synthesis	2016,	48,	2816-2822.	
71	K.	Exner,	P.	von	R.	Schleyer,	J.	Phys.	Chem.	A	2001,	105,	3407-3416	
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group	reported	a	Ni-catalyzed	cyclization/carboxylation	of	unactivated	alkyl	bromides	possessing	an	alkyne	on	the	side	
chain,	 affording	 polycyclic	 carboxylic	 acids	 (Scheme	 1.29).72	The	mechanistic	 explanation	 behind	 this	 reactivity	 was	
attributed	to	an	initial	SET	by	a	Ni(0)Ln	complex	to	the	alkyl	bromide	which	triggers	a	fast	5-exo-trig	cyclization	prior	to	
recombination	with	the	Ni(I)	intermediate,	generating	a	vinyl-Ni(II)	intermediate	that	can	subsequently	be	reduced	to	
a	Ni(I)-species	which	intercepts	CO2.	Interestingly,	this	reaction	was	found	to	be	divergent	since	the	carboxylation	of	
primary	 alkyl	 halides	 rendered	 the	 syn-product	 exclusively	 (with	 L1.9),	 while	 the	 employment	 of	 secondary	 alkyl	
halides	using	L1.7	afforded	the	anti-product	predominantly.	This	divergence	was	rationalized	by	considering	the	sp2-
vinyl	radical	species	(LIV	and	LV),	generated	upon	5-exo-dig	cyclization,	that	coexist	in	rapid	equilibrium	and	each	of	
them	 possessing	 different	 recombination	 rates	 with	 the	 corresponding	 LNi(I)X	 species.	 The	 anti-selectivity	 is	
rationalized	by	a	faster	recombination	of	this	species	with	the	anti-radical	(LV),	as	less	steric	repulsions	might	lead	to	a	
lower	 activation	 energy.	 The	 rapid	 equilibration	 of	 vinyl	 radical	 intermediates	 was	 experimentally	 observed	 by	
exposing	a	cyclic	syn-vinyl	 iodide	(1.42h)	to	the	optimized	reaction	conditions,	obtaining	a	single	regioisomer	(1.43’)	
via	formal	anti-isomerization.	On	the	other	hand,	isomerization	of	the	vinyl-Ni	species	through	the	intermediacy	of	Ni-
carbenes	cannot	be	discarded	as	the	origin	of	this	divergence.73	
	
 	
	
Scheme	1.29.	Ni-catalyzed	cyclization/carboxylation	of	unactivated	alkyl	bromides.	
 
Although	the	dual	Pd/photoredox	catalyzed	carboxylations	of	aryl	bromides	and	chlorides	reported	by	Iwasawa	and	
our	group	represented	a	great	step	forward	for	the	field,66	the	extension	of	this	methodology	to	alkyl	bromides	would	
be	 problematic	 due	 to	 the	 often	 rapid	 β-hydride	 elimination	 from	 alkyl-Pd	 intermediates.	 Finding	 the	 means	 to	
combine	a	Ni-catalyzed	carboxylation,	with	photoredox	catalysis	as	a	way	of	replacing	metallic	reductants,	would	be	a	
possible	 solution	 to	 this	 problem.	 The	 König	 group	 contributed	 to	 the	 development	 of	 this	 notion,	 describing	 the	
merger	of	photoredox	with	Ni	catalysis	 for	the	carboxylation	of	aryl	and	alkyl	bromides	 (Scheme	1.30).74	An	organic	
photosensitizer	 (4CzIPN)	 was	 found	 to	 be	 highly	 efficient	 when	 combined	 with	 Hantzsch	 ester	 (HEH)	 as	 sacrificial	
reductant	and	K2CO3	as	the	base.	As	described	previously,
69,70,72	ortho-substituted	phenanthrolines	were	required	for	
the	 carboxylation	 to	 occur.	 Preliminary	 mechanistic	 studies	 supported	 the	 initial	 in-situ	 formation	 of	 a	 Ni(II)Br2L	
species	which	gets	 subsequently	 reduced	 to	Ni(0)Ln		(LVI)	by	 the	photoredox	 catalyst.	 Furthermore,	electrochemical	
                                                
72	X.	Wang,	Y.	Liu,	R.	Martin,	J.	Am.	Chem.	Soc.	2015,	137,	6476−6479.		
73		a)	C.	Clarke,	C.	A.	Incerti-Pradillos,	H.	W.	Lam,	J.	Am.	Chem.	Soc.	2016,	138,	8068−8071.	b)	T.	Igarashi,	S.	Arai,	A.	Nishida,	J.	Org.	Chem.	
2013,	78,	4366-4372.	c)	X.	Zhang,	X.	Xie,	Y.	Liu,	Chem.	Sci.,	2016,	7,	5815-5820.	
74	Q-Y.	Meng,	S.	Wang,	B.	König,	Angew.	Chem.	Int.	Ed.	2017,	56,	13426-13430.	
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experiments	 suggested	 both	 oxidative	 and	 reductive	 quenching	 of	 the	 excited	 state	 of	 4CzIPN	might	 be	 operating,	
although	the	later	was	measured	to	be	faster	than	the	former	by	Stern-Volmer	kinetics.		
	
 	
	
Scheme	1.30.	Ni/photoredox-catalyzed	carboxylation	of	aryl	and	alkyl	bromides.	
	
The	metal-catalyzed	cross-coupling	reactions	of	unactivated	sp3	C-X	bonds	have	established	a	new	paradigm	for	the	
introduction	 of	 saturated	 aliphatic	 chains	 into	 organic	 motifs,67	 allowing	 functionalization	 to	 occur	 at	 the	 initial	
reaction	 site.	 However,	 the	means	 to	 promote	 a	 catalyst	migration	 along	 these	 aliphatic	 chains	 to	 functionalize	 a	
remote	position	remained	unreported.	Our	group	envisioned	that	the	high	thermodynamic	stability	of	CO2	could	be	
used	to	our	advantage	for	promoting	catalyst	migration	prior	to	CO2	insertion	in	a	distal	sp
3	C-H	reaction	site	(Scheme	
1.31).75	A	key	factor	for	this	concept	was	the	ability	of	alkyl-Ni(II)	intermediates	to	undergo	fast	β-hydride	elimination/	
insertion	events	along	the	alkyl	side	chain.	This	was	successfully	realized	through	the	fine-tuning	of	the	electronic	and	
steric	properties	of	the	1,10-phenanthroline	ligand	employed,	possessing	alkyl	ortho-substituents	and	phenyl	groups	
at	C4	and	C7	(L1.10).	It	is	believed	that	the	presence	of	ortho	alkyl	substituents	facilitate	halide	dissociation	and	favour	
the	formation	of	a	cationic	Ni(II)	species	with	a	vacant	coordination	site	for	β-hydride	elimination.	On	the	other	hand,	
phenyl	 groups	 in	 para-position	 to	 the	 N	 atoms	 increase	 the	 electrophilicity	 of	 the	 Ni(II)	 center,	 disfavouring	 the	
dissociation	of	the	intermediate	alkene.	These	properties	allow	the	iterative	β-hydride	elimination/migratory	insertion	
of	 the	 Ni-catalyst	 along	 the	 alkyl	 chain	 until	 a	 terminal	 position	 is	 reached	 and	 CO2	 insertion	 can	 occur.	 As	 the	
selectivity	of	 this	 transformation	 is	controlled	by	a	 fast	Ni	migration,	 similar	 reactivity	 is	observed	regardless	of	 the	
location	of	the	sp3	C-Br	bond	within	the	alkyl	chain	(1.47a).	Utilizing	this	intrinsic	property	of	the	reaction,	an	alkane	or	
unrefined	mixtures	of	olefins	could	be	regioselectively	converted	into	fatty	acids	(1.47k)	through	a	two-step	reaction	
sequence	consisting	of	bromination	and	subsequent	“chain-walking”	carboxylation.	As	well	as	 showing	an	excellent	
functional	 group	 tolerance	 at	 remarkably	 low	 catalyst	 loadings,	 the	 reaction	 allowed	 for	 a	 kinetically	 and	
thermodynamically	 controlled	 bidirectional	 motion.	 In	 this	 manner,	 subtle	 temperature	 modulation	 enabled	
regiochemical	 discrimination	 between	multiple	 sp3	 C-H	 bonds	 (1.47g	 vs	 1.47i	 and	 1.47h	 vs	 1.47j).	 Insight	 into	 the	
nature	of	the	Ni-migration	was	gained	by	submitting	a	substrate	containing	a	pre-existing	stereogenic	centre	(1.46l)	to	
the	 optimized	 reaction	 condition,	 observing	 substantial	 preservation	 of	 its	 stereochemical	 integrity	 (1.47l),	 thus	
suggesting	that	the	nickel	catalyst	remains	bound	to	the	olefin	during	migration.76	
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76	T.-S.	Mei,	H.	H.	Patel,	M.	S.	Sigman	Nature	2014,	508,	340-344.	
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Scheme	1.31.	Ni-catalyzed	remote	carboxylation	of	brominated	hydrocarbons.	
	
Based	on	the	known	ability	of	alkyl	ortho-substituted	phenanthroline	ligands	to	promote	“Ni-chain-walking“	and	the	
recent	 application	 of	 photoredox	 catalysis	 to	 replace	 metallic	 reducing	 agents,	 the	 group	 of	 Martin	 and	 König	
reported	 a	 site-selective	 remote	 sp3	 C-H	 carboxylation	 merging	 these	 two	 concepts	 (Scheme	 1.32).77	While	 the	
utilization	of	neocuproine	(L1.7)	allowed	the	remote	carboxylation	of	benzylic	positions,	the	utilization	of	an	ortho-
substituted	bipyridine	ligand	(L.11)	enabled	“chain-walking”/carboxylation	of	the	primary	sp3	C-H	sites.	As	in	König’s	
previous	Ni/photoredox	catalyzed	carboxylation	of	aryl	and	alkyl	bromides,	the	utilization	of	organic	photosensitizer	
4CzIPN	and	Hantzsch	ester	HEH	as	sacrificial	reductant	was	critical	for	both	processes.	The	addition	of	5.0	equivalents	
of	water	was	 found	 to	be	helpful	 in	 the	 carboxylation	of	 benzylic	 positions,	 suggesting	 that	 this	 additive	might	be	
implicated	in	the	formation	of	Ni-H	species	that	allow	the	hydronickelation	of	styrenes.78	Interestingly,	the	utilization	
of	1.0	equivalents	of	nBu4NI	as	additive	in	the	carboxylation	of	primary	sp
3	C-H	sites	improved	the	selectivity	of	the	
process	dramatically.	Although	tentative,	these	results	could	be	ascribed	to	the	in-situ	formation	of	a	cationic	[alkyl-
N(II)]I	 species	 in	 which	 the	 lower	 coordination	 ability	 of	 the	 iodide	 anion	 promotes	 chain	 walking.	 Finally,	 DFT	
calculations	 revealed	 a	 rather	 unfavorable	 CO2	 insertion	 into	 NiI(II)	 species,	 either	 through	 outer-	 or	 inner-sphere	
mechanisms.	These	results	reinforce	the	general	notion	that	alkyl	electrophiles	undergo	CO2	insertion	at	a	Ni(I)	center	
generated	upon	single-electron	transfer	(SET).		
	
                                                
77	B.	Sahoo,	P.	Belloti,	F.	Juliá-Hernández,	Q-Y.	Meng,	S.	Crespi,	B.	König,	R.	Martin,	Chem.	Eur.	J.	2019,	25,	9001-9005.	
78	M.	Gaydou,	T.	Moragas,	F.	Juliá-Hernández,	R.	Martin,	J.	Am.	Chem.	Soc.	2017,	139,	12161-12164.	
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Scheme	1.32.	Remote	sp3	C-H	carboxylation	enabled	by	the	merger	of	photoredox	and	nickel	catalysis.	
	
1.4.3.	Catalytic	carboxylation	of	organic	C-O	electrophiles	
	
Organic	halides	have	been	extensively	employed	in	reductive	carboxylation	chemistry,	probably	due	to	their	higher	
rate	 of	 oxidative	 addition	 when	 compared	 to	 the	 related	 C-O	 electrophiles.	 Nevertheless,	 the	 utilization	 of	 C-O	
electrophiles	in	replacement	of	organic	halides	in	cross-coupling	reactions	is	gaining	considerable	importance.79	This	is	
not	surprising,	as	these	surrogates	offer	the	advantage	of	being	less	toxic	and	easily	accessible	as	they	are	prepared	
from	the	corresponding	phenols	or	alcohols.	Therefore,	different	groups	have	made	significant	efforts	towards	their	
implementation	 in	 reductive	 carboxylation	 protocols.	 Tsuji	 and	 Fujihara	 reported	 the	 first	 example	 of	 a	 C-O	
carboxylation	reaction	by	employing	activated	aryl	sulfonates	under	otherwise	similar	conditions	to	those	developed	
for	the	carboxylation	of	aryl	chlorides	(Scheme	1.33,	top)	55	In	2015,	the	same	group	also	succeeded	in	extending	this	
protocol	to	alkenyl	and	sterically	hindered	aryl	triflates	by	employing	either	Ni	or	Co	catalysis	(Scheme	1.33,	bottom).80	
As	observed	in	previous	carboxylation	reactions,69,72	ortho-substituted	phenanthroline	ligands	were	proven	critical	for	
this	reaction.	
	
                                                
79	a)	C.	Zarate,	M.	van	Gemmeren,	R.	J.	Somerville,	R.	Martin,	Adv.	Organomet.	Chem.	2016,	66,	143.	b)	M.	Tobisu,	N.	Chatani,	Acc.	Chem.	
Res.	2015,	48,	1717-1726.	c)	E.	J.	Tollefson,	L.	E.	Hanna,	E.	R.	Jarvo,	Acc.	Chem.	Res.	2015,	48,	2344-2353.	d)	B.	Su,	Z.	–C.	Cao,	Z.	–J.	Shi,	Acc.	
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2011,	111,	1346-1349.	
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Scheme	1.33.	Ni-	and	Co-catalyzed	carboxylation	of	aryl	and	vinyl	sulfonates.	
 
In	 2016,	 Durandetti	 demonstrated	 that	 the	 carboxylation	 of	 aryl	 tosylates	 could	 be	 carried	 out	 employing	 solely	
NiBr2(bpy)	 as	 precatalyst,	 in	 the	 absence	 of	 any	 halogenated	 additive	 or	 phosphine	 ligand	 (Scheme	 1.34,	 top).
81	
Although	the	transformation	afforded	moderate	yields,	the	carboxylation	of	some	ortho-substituted	aryl	tosylates	was	
equally	 effective.	 As	 part	 of	 our	 work	 on	 the	 Ni-catalyzed	 carboxylation	 of	 unactivated	 alkyl	 electrophiles,	 the	
reactivity	of	 alkyl	mesylates	and	 tosylates	was	 investigated	 (Scheme	1.34,	bottom).69	 It	was	 found	 that	 just	 a	 slight	
increase	in	the	temperature	of	the	reaction	was	required	for	the	reaction	to	occur.		
	
	
	
Scheme	1.34.	Ni-catalyzed	carboxylations	of	aryl	and	alkyl	sulfonates.	
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Unlike	 activated	 aryl	 and	 vinyl	 sulfonates,	 the	 utilization	 of	 more	 robust	 aryl	 and	 benzyl	 esters	 has	 been	 less	
implemented	within	the	community.	This	fact	can	be	rationalized	by	considering	the	higher	activation	energy	required	
for	 effecting	 sp2	 C-O	 bond	 cleavage	 and	 the	 propensity	 towards	 preferential	 acyl	 C-O	 cleavage.	 Despite	 these	
challenges,	the	Martin	group	succeeded	in	implementing	these	substrates	in	the	field	of	reductive	carboxylations	by	
developing	a	Ni-catalyzed	carboxylation	of	aryl	and	benzyl	ester	derivatives	(Scheme	1.35).82	As	anticipated,	the	choice	
of	the	ligand	exerted	a	profound	effect	on	the	reactivity,	with	dppf	being	particularly	suited	for	the	carboxylation	of	
aryl	pivalates	(1.56)	and	PMe3	for	benzyl	esters	(1.57).	Unfortunately,	non-extended	π-systems	remained	unreactive	
under	these	conditions,	a	usual	limitation	observed	in	many	reactions	involving	C-O	bond	cleavage.	However,	through	
the	 employment	 of	 hemilabile	 directing	 groups	 at	 the	 ester	 motif	 (1.57b,	 1.57c)	 this	 limitation	 could	 be	 partially	
alleviated,	as	the	oxidative	addition	of	the	metal	is	accelerated	while	still	enabling	CO2	insertion	upon	decoordination	
from	the	Ni	centre.83	
	
	
	
Scheme	1.35.	Ni-catalyzed	carboxylation	of	sp2	and	sp3	C-O	bonds.	
 
Tsuji	 and	 Fujihara	 also	 explored	 the	 carboxylation	 of	 esters	 derivatives	 developing	 a	 carboxylation	 of	 propargyl	
acetates	by	means	of	cobalt	catalysis	(Scheme	1.36).84	Contrary	to	the	reported	Ni-based	methodologies,	this	reaction	
proved	not	to	be	as	ligand	dependent	with	unsubstituted	1,10-phenanathroline	providing	the	highest	yield.	Although	
the	reaction	tolerated	a	variety	of	functional	groups,	just	secondary	and	tertiary	porpargyl	acetates	with	bulky	groups	
on	the	alkyne	terminus	underwent	carboxylation.	Exclusive	formation	of	propargyl	carboxylic	acids	was	observed	for	
all	the	analysed	examples,	disfavouring	the	hypothetical	participation	of	allenyl	metal	intermediates.		
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83		 a)	M.	 A.	 Greene,	 I.	 M.	 Yonova,	 F.	 J.	Williams,	 E.	 R.	 Jarvo,	Org.	 Lett.	 2012,	 14,	 4293-4296.	 b)	 J.	 Srogl,	W.	 Liu,	W,	 D.	Marshall,	 L.	 S.	
Liebeskind,	J.	Am.	Chem.	Soc.	1999,	121,	9449-9450.	
84	K.	Nogi,	T	Fujihara,	J.	Terao,	Y.	Tsuji,	Chem.	Commun.	2014,	50,	13052-13055.		
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Scheme	1.36.	Co-catalyzed	carboxylation	of	propargyl	acetates.	
 
Finding	 strategies	 to	 control	 site-selectivity	 of	 cross-coupling	 reactions	 in	 a	 divergent	manner	 is	 one	 of	 the	main	
objectives	in	synthetic	organic	chemistry.85	Until	2014,	such	reactions	remained	confined	to	nucleophile/electrophile	
cross-coupling	 regimes,	 thus	 limiting	 their	 applicability.	Challenged	by	 this	perception,	our	 group	discovered	 in	 late	
2014	 a	 ligand-controlled	 regiodivergent	 reductive	 carboxylation	 of	 allyl	 acetates	 with	 CO2	 (Scheme	 1.37).
86	It	 was	
found	 that	 CO2	 insertion	 would	 occur	 selectively	 at	 either	 site	 of	 the	 allyl	 terminus	 just	 by	 changing	 the	 ligand	
backbone.	 In	this	manner,	both	α-branched	(1.63)	or	 linear	(1.64)	carboxylic	acids	could	be	accessed	 irrespective	of	
the	 allyl	 acetate	 regioisomer	 used	 (1.62).	 Although	 the	 selectivity	 was	 exclusively	 dependent	 on	 the	 ligand,	 the	
reactivity	was	controlled	by	the	appropriate	selection	of	reductant	and	additive,	with	Mn	and	MgCl2	or	Zn	and	Na2CO3	
being	 particularly	 suited	 for	 the	 formation	 of	 linear	 and	 α-branched	 carboxylic	 acids	 respectively.	 Stoichiometric	
experiments	carried	out	with	the	isolated	Ni(0)L1.72	and	Ni(0)L1.12	complexes,	suggested	CO2	insertion	occurred	at	an	
allyl-Ni(I)L1.7	species,	generated	upon	reduction,	in	the	linear	selective	reaction,	whereas	direct	insertion	of	CO2	in	the	
γ-position	of	a	 cationic	alkyl-Ni(II)L1.12	 intermediate	was	more	 likely	 for	 the	branched	selective	 reaction.	This	Ni(II)	
mechanistic	 interpretation	gains	 credence	when	 it	 is	 compared	with	 the	proposed	mechanism	 for	 the	Pd-catalyzed	
carboxylation	of	allyl	stannanes	(Scheme	1.8),	occurring	through	a	η1-allyl	Pd(II)	intermediate.21-26	
	
	
	
Scheme	1.37.	Ni-catalyzed	regiodivergent	carboxylation	of	allyl	acetates.	
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86	T.	Moragas,	J.	Cornella,	R.	Martin,	J.	Am.	Chem.	Soc.	2014,	136,	17702-17705.	
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1.5.	Mechanistic	Investigations	on	the	Involvement	of	Ni(I)	Species	and	the	Role	of	the	Additives	
	
Although,	as	seen	in	the	previous	sections,	metal-catalyzed	reductive	carboxylations	are	not	restricted	to	the	use	of	
Ni,	the	wealth	of	available	literature	using	Ni-catalysis	seems	to	indicate	that	this	is	the	preferred	metal	to	enable	CO2	
insertion	into	organic	electrophiles.	Therefore,	a	great	deal	of	effort	has	been	aimed	at	understanding	the	mechanistic	
intricacies	dictating	these	processes.	Most	of	these	studies,	however,	were	carried	out	during	the	early	development	
of	Ni-catalyzed	electrocarboxylation	reactions	which	were	based	on	the	electrochemical	generation	of	reactive	nickel	
complexes 87 	During	 the	 development	 of	 these	 transformations,	 important	 mechanistic	 information	 about	 the	
incorporation	of	CO2	 into	organic	molecules	was	obtained	 from	electrochemical	measurements	of	 the	 reduction	of	
Ni(II)	 complexes	 to	 Ni(I)	 and/or	 Ni(0)	 and	 the	 subsequent	 carboxylation	 with	 CO2.	 Moreover,	 this	 highly	 valuable	
information	obtained	from	electrochemistry	study	has	been	used	to	 lead	the	subsequent	mechanistic	 investigations	
on	Ni-catalyzed	reductive	carboxylation	employing	metallic	reductants.		
Arguably,	Amatore	et	 al.	 performed	 the	most	detailed	mechanistic	 study	on	Ni-catalyzed	electrocarboxylations	of	
aryl	bromides	using	Ni/dppe	as	catalyst	 (Scheme	1.38).88	This	 study	demonstrated	 that	Ni(I)-Ar	LXII	was	 the	species	
undergoing	 CO2	 insertion,	 as	 the	 electrosynthesis	 of	 benzoic	 acid	 occurred	 at	 the	 potential	 in	which	 this	 species	 is	
electrogenerated.	It	was	also	determined	that	this	intermediate	reacted	much	faster	with	CO2	than	PhBr,	so	that	when	
CO2	 was	 present	 biphenyl	 production	 was	 minimized.	 Amatore	 also	 proposed	 that	 the	 reaction	 of	 CO2	 with	 Ni(I)	
occurred	 via	 the	 formation	 of	 Ni(III)	 species,	 which	 then	 undergoes	 insertion	 into	 the	 Ni–Ar	 bond	 to	 form	 the	
negatively	 charged	carboxylate	bound	 to	Ni(I).	 Final	electrochemical	 reduction	of	 the	carboxylate	complex	 liberates	
the	carboxylate	and	regenerates	[Ni(0)(dppe)].	
		
	
Scheme	1.38.	Proposed	mechanism	for	the	electrocarboxylation	of	ArBr	
	
Recently,	 the	 group	 of	 Hazari89	made	 an	 important	 mechanistic	 contribution	 to	 the	 field	 by	 investigating	 the	
reductive	carboxylation	of	aryl	chlorides	reported	by	Tsuji	utilizing	a	[Ni(II)Cl2(PPh3)2]	precatalyst	and	Mn/Et4NI	as	an	
efficient	 reducing	 system.	 Importantly,	 they	 discovered	 that	 this	 system	 could	 be	 effectively	 replaced	 by	 a	
homogeneous	 organic	 reducing	 agent	 when	 used	 in	 combination	 with	 Lewis	 acids	 containing	 halide	 counterions.	
Specifically,	when	adding	stoichiometric	amounts	of	MnCl2	 (the	byproduct	generated	 from	Mn	mediated	reduction)	
the	organic	 reducing	agent	DMAP-OED	developed	by	Murphy90	(Eº	 =	 -1.00	V	 vs.	NHE)	 could	be	employed	 to	 afford	
comparable	 yields	 to	 those	 obtained	 by	 using	 Mn	 and	 Et4NI	 (Scheme	 1.39,	 top).	 Further	 experimentation	 with	
                                                
87	a)	S.	Dérien,	J.-C.	Clinet,	E.	Duñach,	J.	Périchon.	Tetrahedron,	1992,	48,	5235-5248.	b)	P.	Tascedda,	E.	Dinjus,	E.	Duñach,	et	al.	Organomet.	
Chem.		2001,	200,	15,	141-144.	c)	E.	Duñach,	J.	Périchon,	J.	Organomet.	Chem.	1988,	352,	239–246.	d)	E.	Labbé,	E.	Duñach,	J.	Périchon,	J.	
Organomet.	Chem.	1988.	353,	51-56.		e)	E.	Duñach,	S.	Dérien,	J.	Périchon,	J.	Organomet.	Chem.	1989,	364,	33-36.	f)	C.	Li,	G.	Yuan,	H.	Jiang,	
Chin.	J.	Chem.	2010,	28,	1685-1689.	g)	M.	J.	Medeiros,	C.	Pintaric,	S.	Olivero,	E.	Duñach.	Electrochimica	Acta,	2011,	56,	4384-4389. 
88	C.	Amatore,	A.	Jutand.		J.	Am.	Chem.	Soc.	1991,	113,	2819-2825.	
89	D.	J.	Charboneau,	G.	W.	Brudvig,	N.	Hazari,	H.	M.	C.	Lant,	A.	K.	Saydjari,	ACS	Catal.	2019,	9,	3228-3241. 
90	J.	A.	Murphy,	J.	Org.	Chem.	2014,	79,	3731-3746	
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different	 Lewis	 acids	 and	 halide	 sources	 revealed	 that	 neither	 the	 Lewis	 acid	 nor	 the	 halide	 source	 alone	 were	
sufficient	 to	 provide	 results	 comparable	 to	 those	 obtained	 when	 using	 halide	 containing	 Lewis	 acids,	 thus	
demonstrating	that	both	the	cation	and	anion	are	important	in	catalysis.	In	order	to	get	a	deeper	understanding	of	the	
specific	 role	 of	 these	 additives,	 they	 carried	 out	 stoichiometric	 experiments	 with	 Ni(I)	 complex	 LXVII,	 successfully	
prepared	 through	 the	 treatment	 of	 (PPh3)3Ni(I)Cl	 with	 2,4,6-triisopropylmagnesium	 bromide.	 Apart	 from	 providing	
compelling	 evidence	 for	 carboxylation	 from	 a	 Ni(I)	 intermediate,	 they	 observed	 an	 increase	 in	 rate	 for	 LXVII	
consumption	 in	the	presence	of	LiPF6,	and	a	further	 increase	 in	the	presence	of	LiCl	 (Scheme	1.39,	bottom,	 left).	As	
suggested	in	previous	reports,	the	increased	rate	when	using	LiPF6	was	attributed	to	the	Lewis	acidity	of	the	Li	cation,	
which	facilitates	and	accelerates	CO2	insertion.
70	More	importantly,	the	utilization	of	LiCl	enabled	the	formation	of	Ni	
complex	LXVIII	in	an	83	%	yield	with	the	concomitant	precipitation	of	carboxylate	1.66’.	Although	Ni-carboxylate	LXIX	
could	not	be	observed	likely	due	to	its	instability,	chloride	metathesis	with	this	intermediate	was	proposed	to	enable	
fast	 formation	of	 LXVIII	 and	1.66’.	With	 these	 experimental	 evidences	 in	 hand,	Hazari	 proposed	 a	 revised	 catalytic	
cycle	for	Tsuji’s	carboxylation	in	which	reduction	of	Ni	carboxylate	LXXIII	to	regenerate	XX	was	proposed	to	occur	via	
salt	metathesis	generating	Ni(I)	species	LXXIV	followed	by	subsequent	reduction	of	this	species	(Scheme	1.39,	bottom,	
right).	Although	a	direct	reduction	of	LXXIII	is	still	conceivable	in	the	presence	of	strong	reducing	agents	(path	b),	the	
carboxylation	 in	 the	 presence	 of	weaker	 reducing	 agents	 such	 as	DMAP-OED	 or	 Zn	might	 only	 be	 able	 to	 proceed	
through	path	a.	
	
	
	
Scheme	1.39.	Mechanistic	studies	on	the	Ni-catalyzed	carboxylation	of	aryl	chlorides.	
	
Although	 there	 seems	 to	 be	 compelling	 evidence	 for	 the	 carboxylation	 of	 aryl	 halides	 proceeding	 via	 Ni(I)	
intermediates	when	phosphine	ligands	are	employed,	mechanistic	studies	on	the	carboxylation	of	alkyl	electrophiles	
are	 scarce.	 The	 group	 of	 Diao	made	 a	 recent	 significant	 contribution	 through	 the	 isolation	 and	 characterization	 of	
alkyl-Ni(I)	complexes	bearing	bi-dentate	tBu-Xantphos	as	ligand	(Scheme	1.40).91	Specifically,	they	demonstrated	that	
                                                
91	J.	B.	Diccianni,	C.	T.	Hu,	T.	Diao,	Angew.	Chem.,	Int.	Ed.	2019,	58,	13865-13868.	
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these	Ni(I)	 complexes,	which	are	stabilized	due	 to	 the	 large	bite	angle	and	bulky	nature	of	 the	 ligand,	undergo	CO2	
insertion	within	seconds	(Scheme	1.40,	top).	This	indicates	that	the	more	nucleophilic	character	of	Ni(I)-alkyl	complex	
(LXXVIII)	 enables	 faster	 CO2	 insertion	 than	 for	 Ni(II)-alkyl	 complex	 (LXXVI)	 (Scheme	 1.40,	 left)	 under	 significantly	
milder	conditions.	 In	this	case,	the	corresponding	Ni(I)-carboxylate	complexes	were	sufficiently	stable	to	be	 isolated	
and	characterized	(LXXIX	and	LXXX).	Interestingly,	when	studying	the	reactivity	of	the	related	Ni(I)-Ph	and	Ni(I)-alkynyl	
complexes	(LXXXI),	no	CO2	insertion	was	observed	even	in	the	presence	of	Lewis	acids	(Scheme	1.40,	bottom).	 	This	
huge	difference	in	reactivity	was	ascribed	to	CO2	insertion	proceeding	via	two	different	reaction	pathways.	While	Ni(I)-
alkyl	 complexes	 could	 undergo	 insertion	 via	 nucleophilic	 attack	 of	 the	 alkyl	 group	 to	 CO2,	 sp
2	 and	 sp	 nucleophiles	
cannot	access	such	a	pathway	and	can	only	undergo	migratory	insertion.	This	second	pathway	would	be	inhibited	due	
to	the	presence	of	 the	bulky	tBu-substituents,	which	 inhibit	CO2	coordination.	 Indeed,	when	 less	sterically	hindered	
Ph-Xantphos	was	used	as	ligand,	the	carboxylation	of	these	substrates	was	observed	(LXXXII).	
 
  
 
Scheme	1.40.	Mechanistic	studies	on	the	Ni(I)-alkyl	insertion	of	CO2	
	
The	 initial	 electrochemical	 studies	 and	 the	 successful	 stabilization	 of	 Ni(I)	 complexes	 through	 the	 use	 of	 bulky	
substrates	 or	 ligands	 has	 provided	 strong	 evidence	 for	 the	 involvement	 of	 Ni(I)	 species	 in	 many	 reductive	
carboxylation	 reactions.	However,	 these	mechanistic	 investigations	 could	 only	 be	 carried	 out	 due	 to	 the	 stabilizing	
effect	of	 the	phosphine	 ligand	backbone,	which	 leaves	 reasonable	doubt	as	 to	whether	 the	catalytic	 carboxylations	
employing	 redox-active	 pyridine	 type	 ligands	 are	 proceeding	 through	 the	 same	 pathways.	 Indeed,	 Osakada	 and	
Yamamoto´s	 stochiometric	 carboxylation	 of	 Ni(II)Br(Ph)(bpy)	 (Scheme	 1.20)	 seems	 to	 be	 occurring	 directly	 from	 a	
Ni(II)	 oxidative	 addition	 complex,	 albeit	 in	 the	 presence	 of	 DMF.52	 Additionally,	 an	 important	 consideration	 when	
redox-active	 non-innocent	 ligands	 are	 present	 is	 that	 reduction	 to	Ni(I)	 could	 be	 ligand	 centered,	 thus	making	 the	
study	and	characterization	of	these	species	more	difficult.		
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1.6.	General	Objectives	of	This	Doctoral	Thesis	
	 	
In	light	of	the	results	accomplished,	it	is	evident	that	the	initial	stoichiometric	studies	of	Osakada	and	Yamamoto52	
spurred	 the	 development	 of	 novel	 catalytic	 methodologies	 for	 the	 coupling	 of	 aryl,	 benzyl,	 vinyl,	 allyl	 and	 even	
unactivated	alkyl	C-Br	or	C-O	electrophiles	with	CO2.	Despite	these	great	advances,	there	are	still	many	challenges	to	
overcome,	for	example	the	utilization	of	naturally-abundant	feedstocks	such	as	phenols,	anisoles	or	simple	alcohols	as	
coupling	partners	is	still	beyond	reach.	Furthermore,	in	depth	mechanistic	understanding	is	still	lacking	and	addressing	
this	 issue	will	 likely	 be	 key	 in	overcoming	 the	 current	 limitations.	 Therefore,	 forthcoming	efforts	 aimed	at	meeting	
these	challenges	are	expected	to	have	a	considerable	impact	in	this	research	area	and	its	industrial	development.	
	
Considering	 the	 potential	 of	 implementing	 industrially	 relevant	 or	 naturally	 abundant	 electrophiles	 in	 these	
endeavours	and	gaining	in	depth	understanding	of	the	mechanisms	governing	these	transformations,	we	establish	the	
following	main	objectives	for	these	doctoral	studies:	
	
	
• To	develop	a	catalytic	process	for	the	reductive	carboxylation	of	unactivated	alkyl	chlorides	with	CO2,	thus	
exploiting	the	orthogonality	of	sp3	C-Cl	bonds	in	cross	coupling	reactions.	
	
	
• To	expand	 the	 scope	of	metal-catalyzed	 reductive	 carboxylations	 to	 the	utilization	of	 naturally	 abundant	
allylic	alcohols.		
	
	
• To	study	the	possibility	of	carrying	out	an	sp2	C-H	carboxylation	through	the	development	of	a	1,4-Nickel	
migration.	
	
	
• To	 gain	 deeper	 understanding	 of	 the	mechanisms	 of	 Ni-catalyzed	 reductive	 carboxylations	 by	means	 of	
experimental	investigation.	
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2.1.	Introduction	
	
2.1.1.	Metal-catalyzed	cross-couplings	of	unactivated	alkyl	halides	
	
Unactivated	alkyl	halides	are	a	class	of	electrophilic	counterparts	in	metal-catalyzed	reactions	that	are	typically	more	
challenging	 than	 the	 corresponding	 aryl,	 alkenyl,	 allyl	 or	 benzyl	 analogues	 that	 stabilize	 oxidative	 addition	
intermediates	 through	 π-back	 donation	 to	 the	 metal	 center.	 Activated	 electrophiles	 stabilize	 oxidative	 addition	
intermediates	through	π-back	donation	to	the	metal	center.1	The	non-polarized	character	of	the	C(sp3)-X	bond	and	the	
lack	 of	 proximal	 low-energy	 empty	 or	 high-energy	 occupied	 orbitals	 that	 interact	 with	 the	 metal	 center	 makes	
oxidative	addition	considerably	slower	than	in	aryl	or	alkenyl	halides.	In	addition,	the	lack	of	stabilizing	groups	at	the	
β-position	 results	 in	 unstable	 σ-bound	 alkyl-metal	 intermediates,	 which	 are	 prone	 to	 react	 through	 several	
decomposition	 pathways.	 Particularly	 problematic	 is	 the	 presence	 of	 β-hydrogens	 that	 enables	 decomposition	
through	a	thermodynamically	favored	β-hydride	elimination	process	(Scheme	2.1,	path	a).2	Protodemetalation	(path	
b),	dimerization	(path	c),	or	homolytic	C(sp3)-metal	cleavage	are	other	frequently	observed	decomposition	pathways.	
Finally,	 reductive	 elimination	 in	 C(sp3)-C(sp3)	 or	 -C(sp2)	 	 cross-coupling	 reactions	 is	 known	 to	 be	 particularly	 slower	
than	in	the	related	C(sp2)-C(sp2)	couplings,	considering	the	higher	energy	required	to	reorient	the	more	directional	sp3	
hybridized	orbitals.3	
	
	
	
Scheme	2.1.	Alkyl	metal	intermediates	decomposition	pathways.	
	
Not	 surprisingly,	 the	 utilization	 of	 unactivated	 halides	 as	 electrophilic	 counterparts	 found	 little	 echo	 in	 metal-
catalyzed	cross-coupling	reactions.	 In	1992,	Suzuki	made	the	first	significant	contribution	to	this	research	area	using	
Pd	catalysis	to	cross-couple	primary	alkyl	iodides	with	boron	reagents.4	This	initial	report	was	soon	followed	by	others	
describing	a	variety	of	nickel-	and	palladium	catalyzed	methods	to	couple	unactivated	alkyl	electrophiles	with	other	
organometallic	 compounds.5	A	 close	 look	 into	 the	 literature	 reveals	 that	 the	 last	 two	 decades	 have	 witnessed	 a	
remarkable	progress	of	this	research	area	by	employing	Pd,	Fe,	Co	or	Cu	catalysis,	and	in	particular	Ni	catalysis.6	The	
success	of	these	technologies	is	manly	attributed	to	the	design	of	catalytic	system	that	is	able	to	overcome	all	of	the	
                                                
. 1	a)	D.J.	Cárdenas,	Angew.	Chem.	Int.	Ed.	1999.	38,	3018–3020.	b)	D.J.	Cárdenas,	Angew.	Chem.	Int.	Ed.	2003,	42,	384–387.	c)	N.	Kambe,	T.	
Iwasaki,	J.	Terao	,Chem.	Soc.	Rev.	2011,	40,	4937-4947.		
2	R.H.	Crabtree,	The	Organometallic	Chemistry	of	the	Transition	Metals,	John	Wiley	&	Sons,	Inc,	2014.			
3	K.	Tamao,	Y.	Kiso,	K.	Sumitani,	M.	Kumada,	J.	Am.	Chem.	Soc.	1972,	94,	9268-9269.			
4	T.	Ishiyama,	S.	Abe,	N.		Miyaura,	A.	Suzuki,	A.	Chem.	Lett.	1992,	21,	691-694.	
5	a)	A.	Devasagayaraj,	T.	Stüedemann,	P.	Knochel,	Angew.	Chem.	Int.	Ed.	1995,	34,	2723-2725.	b)	R.	Giovannini,	T.	Stüdemann,	G.	Dussin,	P.		
Knochel,	Angew.	Chem.	Int.	Ed.	1998,	37,	2387-2390.	
6	a)	T.-Y.	Luh,	M.-K.	Leung,	K.-T.	Wong,	Chem.	Rev.	2000,	100,	3187-3204.		b)	A.	C.	Frisch,	M.	Beller,	Angew.	Chem.	Int.	Ed.	2005,	44,	674-
688.		c)	R.	Jana,	T.	Pathak,	M.	S.	Sigman,	Chem.	Rev.	2011,	111,	1417–1492.			
M
Oxidative addition
slow
MnLnR X
H
R
Mn+2X
H Ln Reductive elimination
slow
R
H
R
H
H
Transmetalation
δ+
MnLn+
R LnMn+2X
H
β-hydride
elimination
+
protode-
metalation
LnMn+2X
H
homo-
dimerization
R
Mn+2X
H Ln
LnMn+2X
X
+ R
H
H
R
path a
path b path c
δ-
Ni-Catalyzed	Carboxylation	of	Unactivated	Alkyl	Chlorides	with	CO2	
 48	
challenges	associated	with	the	use	of	these	electrophiles	(Scheme	2.1).	As	expected	the	design	and	discovery	of	new	
ligands	such	as	N-heterocyclic	carbenes	(NHC),	disubstituted	or	trisubstituted	amines,	bulky	electron-rich	phosphines	
or	PyrOx	 ligands	has	played	a	critical	role.7	Indeed,	now	our	chemical	portfolio	 includes	a	vast	array	of	efficient	and	
selective	transformations	that	allow	the	coupling	of	primary,	secondary	and	tertiary	unactivated	alkyl	halides	with	a	
wide	 variety	 of	 organometallic	 reagents.	 Importantly,	 Ni-catalyzed	 enantioselective	 cross-couplings	 are	 also	 within	
reach,	reaching	an	 impressive	 level	of	sophistication	that	allows	the	utilization	of	racemic	secondary	alkyl	halides	 in	
enantioconvergend	cross-coupling	reactions.	
	
2.1.1.1.	Palladium-	and	Nickel-catalyzed	cross-couplings	of	unactivated	alkyl	chlorides	
	
The	 development	 of	 methods	 for	 the	 cross-coupling	 alkyl	 chlorides	 represents	 a	 significant	 challenge,	 as	 these	
electrophiles	 are	much	 less	 reactive	 than	 the	 corresponding	bromides	or	 iodides.	 This	 observation	parallels	 that	of		
classical	SN2	reactions,	where	alkyl	chlorides	typically	cannot	be	employed	for	such	purposes.	This	is	probably	due	to	
the	decreased	 leaving-group	ability	of	 the	 chloride	 ion8	and/or	 the	higher	 strength	of	 the	C-Cl	 bond	 (Scheme	2.2).9	
Therefore,	oxidative	addition	to	transition	metal	catalysts	is	considerably	slower,	requiring	harsher	reaction	conditions	
and	electron	rich	metal-species	in	order	to	be	effective.	Consequently,	the	resulting	alkyl-metal	species	are	also	more	
prone	to	decompose	through	competitive	pathways,	rendering	mainly	β-hydride	elimination	products	(Scheme	2.1).	
Despite	these	challenges,	the	utilization	of	alkyl	chlorides	can	also	provide	significant	advantages	as	compared	to	the	
corresponding	 bromides	 or	 iodides.	 The	 increased	 stability	 makes	 the	 lifetime	 of	 these	 electrophiles	 to	 be	
considerably	 longer	 as	well	 as	 less	 toxic.10	Additionally,	 they	 are	more	 economically	 viable	 than	 the	 corresponding	
iodide	 or	 bromide	 analogues.	 For	 all	 these	 reasons,	 the	 implementation	 of	 unactivated	 alkyl	 chlorides	 as	 coupling	
partners	in	cross-coupling	reactions	is	highly	desired,	both	from	an	industrial	and	academic	perspective.	
	
	
	
Scheme	2.2.	Properties	and	bond	energy	BDE	values	of	C(sp3)-X	bonds	
	
Scheme	2.3	summarizes	the	evolution	of	the	cross-coupling	reactions	using	unactivated	alkyl	chlorides	in	nuleophile-
electrophile	 regimes.	 The	 first	 example	 of	 cross-coupling	 using	 these	 electrophiles	 was	 a	 Ni-catalyzed	 Kumada	
coupling	reported	by	Terao	&	Kambe	in	2002.11	Although	only	one	example	was	presented,	this	catalytic	system	was	
highly	advantageous,	particularly	 in	 large-scale	production,	as	 it	employed	inexpensive	reagents	such	as	NiCl2	as	the	
catalyst	 and	 1,3-butadiene	 as	 ligand,	 instead	 of	 the	 more	 expensive	 phosphines	 or	 nitrogen-based	 ligands.	
Subsequently,	Fu	demonstrated	that	Pd/PCy3	could	catalyze	the	Suzuki	reaction	between	primary	alkyl	chlorides	and	
primary	9-BBN	alkyl	boranes.12	Interestingly,	only	bulky,	electron	 rich	monodentate	phosphines	were	able	 to	afford	
the	 desired	 cross-coupled	 product.	 Ligands	 with	 the	 same	 stereoelectronic	 properties	 were	 also	 found	 to	 be	
successful	 in	 the	 subsequent	Pd-catalyzed	Kumada,13	Negishi	14	and	Suzuki	 couplings,15	suggesting	 that	 these	 ligands	
                                                
7	X.	Hu,		Chem.	Sci.	2011,	2,	1867-1886.			
8	J.	March,	Advanced	Organic	Chemistry,	Wiley,	New	York,	1992,	p.	357.	
9	J.	March,	Advanced	Organic	Chemistry,	Wiley,	New	York,	1992,	p.	29.	
10	Z.	Sobol,	M.	E.	Engel,	E.	Rubitski,	W.	W.	Ku,	J.	Aubrecht,	R.	H.	Schiestl,	Mutat	Res.	2007,	633,	80-94. 
11	J.	Terao,	H.	Watanabe,	A.	Ikumi,	H.	Kuniyasu,	N.	Kambe,	J.	Am.	Chem.	Soc.	2002,	124,	4222-4223.	
12	J.	H.	Kirchhoff,	M.	R.	Netherton,	I.	D.	Hills,	G.	C.	Fu,	J.	Am.	Chem.	Soc.	2002,	124,	13662-13663.	
13	A.	C.	Frisch,	N.	Shaikh,	A.	Zapf,	M.	Beller,	Angew.	Chem.,	Int.	Ed.	2002,	41,	4056-4059.	
14	J.	Zhou,	G.	C.	Fu,	J.	Am.	Chem.	Soc.	2003,	125,	12527-12530.	
15	a)	T.	Brenstrum,	D.	A.	Gerristma,	G.	M.	Adjabeng,	C.	S.	Frampton,	J.	Britte,	A.	J.	Robertson,	J.	McNulty,	A.	Capretta,	J	.	Org.	Chem.	2004,	
69,	7635-7639.	b)	L.	Ackermann,	A.	R.	Kapdi,	C.	Schulzke,	Org.	Lett.,	12,	2010,	2298-2301.	
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might	 accelerate	 oxidative	 addition	 of	 the	 C(sp3)-Cl	 bonds	 while	 preventing	 β-hydride	 elimination	 through	 the	
stabilization	of	the	resulting	alkyl-Pd	intermediate.	Nevertheless,	secondary	alkyl	chlorides	could	not	be	employed	in	
any	of	 the	 reported	Pd-catalyzed	cross-couplings.	 This	 fact	 could	be	ascribed	 the	higher	propensity	of	 the	 resulting	
secondary	alkyl-Pd	species	 towards	β-hydride	elimination.	Furthermore,	oxidative	addition	via	2-electrons	pathways	
follows	 a	 nucleophilic	 substitution	 pathway	 (SN2)	 for	 palladium	 cross-couplings,	 making	 oxidative	 addition	 of	
secondary	analogues	slower.	
		
In	 an	 attempt	 to	 overcome	 these	 challenges	 and	 extend	 the	 scope	 of	 cross-couplings	 beyond	 the	 utilization	 of	
palladium,	Fu	reported	in	2006	a	Ni-catalyzed	Suzuki	coupling	of	primary	and	secondary	unactivated	alkyl	chlorides.16	
Remarkably,	the	utilization	of	a	readily	available	amino	alcohol	 ligand	was	key	to	enable	the	cross-coupling	of	these	
secondary	 electrophiles.	 	 Unlike	 related	 Pd-catalyzed	 cross-coupling	 reactions,	 mechanistic	 experiments	 suggested	
that	radical	intermediates	were	involved	in	the	oxidative-addition	step.	Fu’s	initial	publication	was	then	followed	by	an	
sp3-sp3	 version,	 which	 employed	 a	 1,2-diamine	 ligand,	 9-BBN	 alkyl	 borones	 and	mild	 reaction	 conditions.17	Finally,	
taking	advantage	of	nickel	SET-type	oxidative	addition;	Fu	 reported	an	 impressive	 stereoconvergent	amine-directed	
approach	 employing	 racemic	 secondary	 alkyl	 chlorides.18	Hu	 has	 also	 made	 significant	 contributions	 through	 the	
employment	 of	 nitrogen	 based	 pincer	 ligands	 with	 “hard”	 character,	 which	 should	 be	 suitable	 to	 activate	 “hard”	
electrophiles.	 In	particular,	Ni-complex	“Nickelamine”	has	 turned	out	 to	be	an	efficient	catalyst	 in	a	wide	variety	of	
cross-coupling	 reactions	 employing	 alkyl	 chlorides.19	This	 success	 is	 attributed	 to	 its	 propensity	 to	 mediate	 single-
electron	redox	chemistry,	making	it	particularly suited	to	catalyze	cross-coupling	of	unactivated	alkyl	halides	through	
radical	pathways.		
	
	
	
Scheme	2.3.	Evolution	of	Pd-	and	Ni-catalyzed	cross-coupling	of	unactivated	alkyl	chlorides.	
	
Although	 considerable	 progress	 has	 been	 observed	 through	 the	 utilization	 of	 palladium	 and	 particularly	 nickel	
catalysis,	the	success	of	these	transformations	is	based	on	the	utilization	of	highly	reactive	organometallic	reagents.	In	
                                                
16	F.	Gonzalez-Bobes,	G.	C.	Fu,	J.	Am.	Chem.	Soc.	2006,	128,	5360-5361.	
17	J.	Zhou,	G.	C.	Fu,	Angew.	Chem.	Int.	Ed.	2010,	49,	6676-6678.	
18	Z.	Lu,	A.	Wisily,	G.	C.	Fu,	J.	Am.	Chem.	Soc.	2011,	133,	8154-8157. 
19	a)	Z.	Csok,	O.	Vechorkin,	S.	B.	Harkins,	R.	Scopelliti,	X.	Hu,	J.	Am.	Chem.	Soc.	2008,	130,	8156-8157.	b)	O.	Vechorkin,	D.	Barmaz,	V.	Proust,	
X.	Hu,	J.	Am.	Chem.	Soc.	2009,	131,	12078-12079.	c)	O.	Vechorkin,	V.	Proust,	X.	Hu,	J.	Am.	Chem.	Soc.	2009,	131,	9756-9766.	d)	T.	Di	Franco,	
A.	Epenoy,	X.	Hu,	Org.	Lett.	2015,	17,	4910-4913.		
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many	cases,	 it	has	been	suggested	that	the	nickel	catalyzed	transformations	occur	via	 initial	 transmetallation	of	the	
organometallic	 reagent	 to	Ni(I)-18	 or	Ni(II)-intermediates.19	 In	 this	manner,	 the	 rapid	 subsequent	 oxidative	 addition	
and	 reductive	 elimination	 disfavors	 the	 generation	 of	 unstable	 alkyl-Ni	 intermediates	 prone	 to	 undergo	 β-hydride	
elimination.		
	
2.1.2.	Metal-catalyzed	cross-coupling	versus	cross-electrophile	coupling	reactions	
	
While	metal-catalyzed	cross-coupling	reactions	of	organometallic	reagents	have	revolutionized	the	praxis	of	organic	
synthesis	for	forging	new	bond	constructions,	it	is	worth	noting	that	organometallic	reagents	are	ultimately	prepared	
in	many	 cases	 from	 the	 corresponding	 organic(pseudo)halide,	 thus	 adding	 a	 further	 synthetic	 step	 to	 the	 reaction	
sequence	 (Scheme	 2.4,	 left).	 Moreover,	 the	 high	 reactivity	 of	 some	 of	 these	 organometallic	 reagents	 might	
compromise	the	functional	group	compatibility,	and	their	sensitivity	towards	oxygen	and	water	makes	them	difficult	
to	 handle,	 particularly	 when	 employing	 heavily	 polarized	 backbones.	 In	 contrast,	 the	 utilization	 of	 two	 different	
electrophiles	 might	 solve	 these	 problems	 if	 the	 targeted	 C-C	 bond	 can	 be	 forged	 selectively.	 Prompted	 by	 these	
observations,	the	field	of	metal-catalyzed	cross-electrophile	coupling	reactions	has	emerged	as	a	powerful	alternative	
to	 classical	 cross-couplings	 (Scheme	 2.4,	 right).	 Apart	 from	 the	 operational	 simplicity	 of	 the	 procedures,	 the	 wide	
commercial	availability	of	organic	halides	as	compared	 to	organometallic	 reagents,	and	 the	higher	chemoselectivity	
derived	 from	 the	 in-situ	 formation	 of	 transient	 organometallic	 species,	 make	 cross-electrophile	 coupling	 highly	
attractive	to	synthetic	chemist.	
Contrary	to	traditional	cross-couplings,	 in	which	electrophile	and	nucleophile	react	sequentially	with	the	transition	
metal	through	oxidative	addition	(electrophile)	and	transmetallation	(nucleophile)	to	deliver	cross-selective	processes,	
cross-electrophile	 couplings	 proceed	 through	 formal	 oxidative	 addition	 of	 two	 electrophiles	with	 similar	 reactivity.	
Therefore,	 achieving	 cross-selectivity	 while	 inhibiting	 homocoupling	 is	 the	 main	 challenge	 associated	 with	 these	
transformations.	Nevertheless,	the	recent	advances	on	this	field	have	provided	chemists	with	different	strategies	to	
overcome	 these	 challenges.	 Common	 approaches	 include	 the	 addition	 of	 an	 excess	 of	 one	 reagent,	 the	 electronic	
differentiation	 of	 the	 reagents,	 catalyst-substrate	 steric	 matching,	 and	 the	 development	 of	 reactions	 that	 couple	
substrates	for	which	oxidative	addition	occur	via	two	different	mechanisms,	such	as	through	two-electron	polar	and	
radical	 pathways.20	The	 understanding	 of	 the	 basic	mechanism	 by	 which	 these	 strategies	 operate	 has	 allowed	 the	
development	of	 cross	 selective	processes,	not	only	 contributing	 to	 the	advancement	of	 the	 field,	but	 also	 inspiring	
chemist	to	develop	new	transformations,	particularly	pothoredox/nickel	dual	catalytic	systems.	
	
	
	
Scheme	2.4.	“Classical”	cross-coupling	versus	cross-electrophile	coupling	reactions	
2.1.3.	Metal-catalyzed	cross-electrophile	couplings	of	unactivated	alkyl	halides		
	
The	 first	 reductive	 dimerization	 and	 cross-coupling	 of	 an	 alkyl	 electrophiles	 was	 reported	 by	 Wurtz	 employing	
stoichiometric	amount	of	sodium	as	metallic	reductant.	Unfortunately,	the	strong	character	of	the	reducing	agent	and	
                                                
20	D.	A.	Everson,	D.	J.	Weix,	J.	Org.	Chem.	2014,	79,	4793-4798.	
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the	low	efficiency	of	these	methods	limited	their	utilization	in	organic	synthesis.21	Cross-electrophile	coupling	of	aryl	
and	 activated	 alkyl	 electrophiles	 was	 later	 developed	 using	 electrochemical	 processes 22 	or	 metal-catalyzed	
transformations;	however,	the	implementation	of	unactivated	alkyl	halides	was	not	achieved	until	2010.26	As	judged	
by	 the	 wealth	 of	 literature	 data,	 it	 is	 evident	 that	 the	 field	 of	 reductive	 cross-electrophile	 couplings	 has	 grown	
exponentially,	 and	 several	 methods	 for	 the	 coupling	 of	 unactivated	 alkyl	 halides	 have	 been	 reported.23	Catalytic	
systems	based	on	Ni-,	Pd-,	Co-,	and	Fe-complexes	have	been	used	in	combination	with	metallic	reductants	such	as	Mn,	
Zn	or	B2(pin)2,	and	 	organic	reductants	such	as	TDAE	(Scheme	2.5).
24	Although	these	systems	allow	the	formation	of	
C(sp3)—C(sp2)	and	C(sp3)—C(sp3)-bonds	in	high	selectivity	using	primary,	secondary	and	tertiary	alkyl	halides,	further	
improvement	is	fundamental	to	assure	the	future	applicability	of	these	reactions.		
	
	
	
Scheme	2.5.	Cross-electrophile	couplings	of	unactivated	alkyl	halides	
	
2.1.3.1.	Nickel-catalyzed	cross-electrophile	coupling	of	unactivated	alkyl	halides	
	
Although	different	transition	metals	catalyze	the	coupling	of	alkyl	electrophiles,	the	majority	of	these	couplings	are	
mediated	 by	 nickel.	 This	 is	 not	 surprising	 due	 to	 the	 known	 ability	 of	 many	 nickel	 complexes	 to	 mediate	 single-
electron	 redox	processes	 and	access	odd	oxidation	 states.	Given	 this	 fact,	 a	more	accurate	understanding	of	 these	
processes	can	be	obtained	by	 looking	at	 the	redox	potential	of	 these	complexes,	 reductants	and	the	corresponding	
alkyl	 electrophiles	 (Scheme	 2.6).25	The	 general	 trend	 shows	 that	 aryl	 halides	 have	 the	 most	 negative	 reduction	
potential	 making	 them	 unreactive	 through	 single	 electron	 transfer	 pathways.	 Conversely,	 alkyl	 halides	 can	 react	
through	SET,	with	alkyl	iodides	being	more	easily	reduced	than	alkyl	bromides,	which	in	turn	are	more	easily	reduced	
than	alkyl	chlorides.	Not	surprisingly,	benzyl	halides	rare	the	easiest	to	promote	single-electron	reduction	owing	to	the	
stability	of	the	corresponding	benzylic	radical.	Looking	at	the	different	reducing	agents,	manganese	has	the	strongest	
reduction	potential;	however,	many	of	these	processes	work	better	when	Zn	or	milder	organic	reductants	as	TDAE	are	
employed.	Regarding	the	different	Ni-complexes,	electrochemistry	and	 in	particular	cyclic	voltammetry	experiments	
offer	a	powerful	tool	for	the	understanding	of	the	mechanism	and	the	identification	and	characterization	of	important	
reaction	intermediates.	
	
	
	
Scheme	2.6.	Reduction	potential	of	electrophiles	and	reducing	agents	(Eº	vs	SCE	[V]).	
	
                                                
21	A.	Wurtz,	Ann.	Chem.	1855,	96,	364-375.			
B.	Tollens,	R.	Fittig,	Justus	Liebigs	Ann.	Chem.	1864,	131,	303-323.			
22	a)	G.	Schiavon,	G.	Bontempelli,	B.	Corain,	J.	Chem.	Soc.	Dalt.	Trans.	1981,	5,	1074-1081.		b)	C.	Amatore,	A.	Jutand,	Organometallics.	1988,	
7,	2203-2214.	c)	C.	Amatore,	A.	Jutand,	J.	Am.	Chem.	Soc.	1991,	113,	2819-2825.	d)	M.	Durandetti,	,	J.-Y.	Nédélec,	J.	Périchon,	J.	Org.	Chem.	
1996,	61,	1748-1755.			
23	a)	C.	E.	I.	Knappke,	S.	Grupe,	D.	Gartner,	M.	Corpet,	C.	Gosmini,	A.	Jacobi	von	Wangelin, A.	Chem.	Eur.	J.	2014,	20,	6828-6842.	b)	X.	Wang,	
Y.	Dai,	H.	Gong,	Top.	Curr.	Chem.	2016,	374,	43.	c)		J.	Gu,	X.	Wang,	W.	Xue,	H.	Gong,	Org.	Chem.	Front,	2015,	2,	1411-1421.		
24	L.	L.	Anka-Lufford,	K.	M.	M.	Huihui,	N.	J.	Gower,	L.	K.	G.	Ackerman,	D.	J.	Weix,	Chem.	Eur.	J.	2016,	22,	11564-11567.			
25	E.	Richmond,	J.	Moran,	Synthesis.	2018,	50,	499-513. 
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The	 first	 Ni-catalyzed	 sp3-sp2	 cross-electrophile	 coupling	 of	 unactivated	 alkyl	 halides	 was	 reported	Weix	 and	 co-
workers	in	2010	(Scheme	2.7).26,27	These	authors	discovered	that	a	combination	of	NiI2	xH2O,	a	bipyridine	ligand	(L2.1)	
and	 phosphine	 (L2.2)	 in	 DMPU	 as	 solvent	 and	 Mn	 as	 reductant,	 afforded	 cross-electrophile	 coupling	 products	 in	
excellent	selectivity	and	yields.	The	key	cross-selectivity	was	attributed	to	the	fact	that	aryl	bromides	and	iodides	are	
more	prone	 to	 react	 through	 classical	 two-electrons	oxidative	 addition	due	 to	 their	 high	 reduction	potential,	while	
unactivated	 alkyl	 bromides	 and	 iodides	 can	 easily	 serve	 as	 radical	 precursors	 through	 SET	 processes.	 Therefore,	
classical	oxidative	addition	of	the	aryl	halide	can	be	immediately	followed	by	radical	addition	of	the	alkyl	radical	to	the	
nickel	center	forming	a	Ni(III)	species	(LXXXVI)	that	undergoes	facile	reductive	elimination	to	afford	to	cross-coupled	
product.	For	this	strategy	to	be	successful,	the	catalyst	must	allow	both	single	and	two-electrons	steps,	explaining	why	
first-row	 transition	metals,	 and	 in	 particular	 Ni,	 are	 so	 versatile	 in	 cross-electrophile	 coupling.	 Gong,28	Peng,29	and	
Gosmini30	have	later	applied	this	concept	successfully.		
	
	
	
Scheme	2.7.	First	Ni-catalyzed	reductive	sp3-sp2	coupling	of	unactivated	alkyl	bromides	and	iodides.	
	
The	first	Ni-catalyzed	sp3-sp3	cross-coupling	of	two	different	unactivated	alkyl	halides	was	reported	by	Gong	and	co-
workers	 (Scheme	2.8,	conditions	A).31	Unlike	related	sp3-sp2	couplings,	 the	development	of	a	cross-selective	process	
utilizing	 two	 alkyl	 electrophiles	with	 almost	 identical	 chemical	 reactivity	 is	 a	 considerable	 challenge.	 However,	 the	
utilization	of	an	excess	of	one	of	coupling	partners	can	deliver	synthetically	useful	yields	of	the	cross-coupled	product	
without	selectivity.	Specifically,	 the	utilization	of	a	3-fold	excess	of	 the	primary	alkyl	halide	 in	combination	with	the	
use	 of	 a	 tridentate	 ligand,	 such	 as	 PyBox	 L2.3	 and	 L2.4,	 which	 avoid	 dehalogenation	 and	 β-hydride	 elimination	
pathways	allowed	the	 formation	of	 the	cross-coupled	product	 in	decent	yields.	The	authors	proposed	a	mechanism	
based	on	initial	oxidative	addition	of	the	first	alkyl	halide	to	Ni(0)Ln	(LXXXIX),	thus	forming	alkyl-Ni(II)	species	XC	that	
can	be	subsequently	 reduced	 to	an	alkyl-Ni(I)	 intermediate	 (XCI)	 in	 the	presence	of	Zn.	A	 subsequent	SET	oxidative	
addition	 of	 another	 alkyl	 electrophile	 should	 generate	 a	 Ni(III)	 species,	 leading	 to	 the	 cross-coupled	 product	 and	
(L)Ni(I)X	(XCIV)	via	reductive	elimination.	This	mechanistic	interpretation	resembles	Fu’s	Ni-catalyzed	Negishi	coupling	
                                                
26	D.	A.	Everson,	R.	Shrestha,	D.	J.	Weix,	J.	Am.	Chem.	Soc.	2010,	132,	920-921. 
27	For	mechanistic	studies	see:	S.	Biswas,	D.	J.	Weix,	J.	Am.	Chem.	Soc.	2013,	135,	16192-16197.	
28	a)	S.	Wang,	Q.	Qian,	H.	Gong,	Org.	Lett.	2012,	14,	3352-3355.	b)	Y.	Dai,	F.	Wu,	Z.	Zang,	H.	You,	H.	Gong,	Chem.	Eur.	J.	2012,	18,	808-812	
29	C.-S.	Yan,	Y.	Peng,	X.-B.	Xu,	Y.-W.	Wang,	Chem.	-Eur.	J.	2012,	18,	6039-6048	
30	a)	M.	Amatore,	C.	Gosmini,	Chem.	 -Eur.	 J.	2010,	16,	5848-5852.	b)	X.	Qian,	A.	Auffrant,	A.	Felouat,	C.	Gosmini,	Angew.	Chem.	 Int.	Ed.	
2011,	50,	10402-10405. 
31	X.	Yu,	T.	Yang,	S.	Wang,	H.	Xu,	H.	Gong,	Org.		Lett.	2011,	13,	2138-2141.			
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of	 alkyl	 zincs	 with	 alkyl	 halides,32	but	 in	 this	 case	 Zn	 is	 used	 to	 mediate	 the	 formation	 of	 LNi(I)(Alkyl)	 (XCI)	 from	
(L)Ni(I)X	(XCIV).	
	
In	 an	 attempt	 to	 improve	 this	 rather	 challenging	 cross-coupling	 reaction,	 Gong	 discovered	 that	 through	 the	
utilization	 of	 a	 different	 reducing	 agent	 such	 as	 B2(pin)2,	 greater	 cross-selectivity	 could	 be	 achieved	 (Scheme	 2.8,	
conditions	B).33	Such	an	 improved	selectivity	was	ascribed	to	 the	different	steric	 requirements	of	 the	 two	proposed	
intermediates	 (L)Ni(I)(Bpin)	 (XCV)	 and	 (L)Ni(I)(Alkyl)	 (XCVI),	 which	 allows	 sequential	 oxidative	 addition	 of	 the	 two	
electrophiles.	Using	this	strategy,	the	amount	of	primary	alkyl	halide	used	could	be	substantially	decreased.	
	
	
	
Scheme	2.8.	First	Ni-catalyzed	reductive	sp3-sp3	coupling	of	unactivated	alkyl	bromides	and	iodides.	
	
While	mechanistically	interesting	but	synthetically	inefficient	couplings,	these	initial	reports	and	the	rationalization	
of	the	mechanisms	controlling	cross-selectivity	have	had	a	crucial	 impact	on	the	development	of	the	modern	cross-
electrophile	couplings	as	well	as	aiding	the	development	of	metallophotoredox	cross-coupling	reactions.		
	
2.1.3.2.	Nickel-catalyzed	reductive	dimerization	of	unactivated	alkyl	chlorides	
	
As	observed	in	the	previous	section,	the	cross-electrophile	coupling	of	alkyl	bromides	and	iodides	demonstrated	to	
be	 broadly	 applicable	 using	 Ni-catalysis.	 However,	 the	 corresponding	 alkyl	 chlorides	 had	 only	 been	 employed	 in	
reductive	dimerization	reactions.	Weix	reported	the	first	general	dimerization	of	unactivated	alkyl	halides	using	NiCl2	
glyme	and	a	 terpyridine	 ligand	showing	one	 isolated	example	of	an	alkyl	 chloride	 (Scheme	2.9).34	Some	years	 later,	
Gong	 tried	 unsuccessfully	 to	 couple	 these	 electrophiles	with	 secondary	 alkyl	 bromides,	 but	 could	 only	 report	 their	
dimerization	event	instead.33	Considering	the	high	reduction	potential	required	for	effecting	SET	to	the	alkyl	C(sp3)-Cl	
bond	(Eº	=	 -1.13V	vs	SCE)	as	compared	to	the	corresponding	C(sp3)-Br	bond	(Eº	=	 -0.88V	vs	SCE),	 it	 is	reasonable	to	
assume	that	the	cross-coupling	of	these	electrophiles	with	other	alkyl	halides	will	most	 likely	result	 in	the	reductive	
                                                
32	J.	Zhouand		G.	C.	Fu,	J.	Am.	Chem.	Soc.	2003,	125,	14726-14727.	
33	H.	Xu,	C.	Zhao,	Q.	Qian,	W.	Deng,	H.	Gong,	Chem.	Sci.	2013,	4,	4022-4029.			
34	M.	R.	Prinsell,	D.	A.	Everson,	D.	J.	Weix,	Chem.	Commun.,	2010,	46,	5743-5745.	
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dimerization	of	the	more	reactive	coupling	partners	leaving	the	C(sp3)-Cl	bond	unaltered.	Therefore,	it	is	not	surprising	
that	 the	 C(sp3)-C(sp3)	 cross-electrophile	 couplings	 of	 unactivated	 alkyl	 chlorides	 have	 not	 yet	 been	 achieved	 with	
considerable	success,	leading	to	reductive	dimerization	processes	instead.			
	
	
	
Scheme	2.9.	Ni-catalyzed	reductive	dimerization	of	unactivated	alkyl	chlorides.	
	
Nevertheless,	this	lack	of	reactivity	should	by	no	means	be	regarded	as	a	disadvantage.	Indeed,	the	C(sp3)-Cl	bond	
remain	 generally	 untouched	 under	most	 traditional	metal-catalyzed	 transformations,	 thus	 opening	 possibilities	 for	
performing	sequential	reactions	with	polyhalogenated	alkyl	scaffolds	
	
2.2.	General	Objective	of	the	Project	
	
While	 notoriously	 difficult	 redox	 neutral	 cross-coupling	 reactions	 have	 been	 developed	 with	 highly	 reactive	
organometallic	regents	(Scheme	2.10,	path	a,	vide	supra),	at	the	outset	of	this	Doctoral	Thesis	it	was	unclear	whether	
the	means	 to	effect	a	general	and	widely	applicable	cross-electrophile	coupling	of	unactivated	alkyl	 chlorides	could	
ever	be	realized	(Scheme	2.10,	path	b).	This	difficulty	 is	somewhat	 linked	to	the	high	activation	energy	required	for	
effecting	 C(sp3)−Cl	 oxidative	 addition	 and	 the	 inherent	 proclivity	 of	 alkyl	 metal	 species	 toward	 parasitic	 β-hydride	
elimination	 or	 homodimerization	 pathways	 (vide	 supra).	 These	 observations,	 in	 combination	 with	 the	 proclivity	 of	
reactive	 coupling	 partners	 towards	 dimerization	 pathways,33,34	 have	 contributed	 to	 the	 prevailing	 perception	 that	
unactivated	alkyl	chlorides	cannot	be	utilized	in	intermolecular	cross-electrophile	events.		
	
	
	
Scheme	2.10.	Traditional	cross-coupling	vs	cross-electrophile	coupling	of	unactivated	alkyl	chlorides.	
	
We	 wondered	 whether	 we	 could	 effect	 C(sp3)−Cl	 oxidative	 addition	 to	 a	 Ni-catalyst	 in	 the	 presence	 of	 another	
electrophile,	aiming	at	eventually	coming	up	with	a	selective	cross-coupling	event	(Scheme	2.11).	Given	our	expertise	
in	 the	 field	 of	 reductive	 carboxylations	 reactions,35	we	 thought	 that	 the	 inertness	 of	 CO2	 could	 be	 turned	 into	 an	
advantage	to	allow	the	selective	activation	of	C(sp3)−Cl	bond.	Considering	 that	 the	resulting	alkyl-Ni(I)	or	alkyl-Ni(II)	
species	could	be	stabilized	through	reaction	optimization	and	ligand	design,	subsequent	CO2	insertion	into	the	C(sp
3)-
Ni	 bond	 could	 be	 feasible.	 If	 successful,	 we	 would	 be	 able	 to	 trigger	 a	 formal	 cross-electrophile	 coupling	 of		
unactivated	 alkyl	 chlorides	 with	 CO2,	 thus	 providing	 a	 direct	 and	 easy	 access	 to	 aliphatic	 carboxylic	 acids	 from	
inexpensive	 alkyl	 chlorides	 and	 renewable	 CO2.	 	 This	 new	 approach	 could	 not	 only	 set	 the	 stage	 for	 iterative	
techniques	with	polyhalogenated	backbones	containing	alkyl	chlorides,	but	also	provide	new	knowledge	in	the	field	of	
cross-electrophile	couplings.	
	
                                                
35	M.	Börjesson,	T.	Moragas,	D.	Gallego,	R.	Martin,	ACS	Catal.	2016,	6,	6739-6749	and	references	therein. 
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Scheme	2.11.	Design	principle	for	our	Ni-catalyzed	catalyzed	carboxylation	of	unactivated	alkyl	chlorides	with	CO2.	
	
2.3.	Nickel-Catalyzed	Carboxylation	of	Primary	Unactivated	Alkyl	Chlorides	with	CO2		
	
2.3.1.	Optimization	of	the	reaction	conditions		
	
Nitrogen	donor	 ligands	have	been	successfully	employed	 in	the	cross-coupling	of	unactivated	alkyl	halides	 in	both	
nucleophile/electrophile	 regimes	 and	 cross-electrophile	 endeavors	 (vide	 supra).	 During	 the	 development	 of	 our	
catalytic	carboxylation	of	unactivated	primary	alkyl	bromides	and	sulfonates	with	CO2,
36	it	was	discovered	that	ortho-
substituted	phenanthroline	ligands	could	efficiently	catalyze	the	reaction.	The	introduction	of	these	alkyl	substituents	
was	 crucial	 to	 selectively	 promote	 the	 carboxylation.	We	 speculated	 that	 an	 increase	 in	 the	 steric	 bulk	 around	 the	
nitrogen-donor	ligand	by	placing	large	substituents	in	the	ortho-position	could	lead	to	more	robust	Ni	complexes	with	
enhanced	stability	and	greater	activity.  
 
We	started	our	 investigations	with	UV-active	2.6a	as	the	model	substrate.	As	 initially	expected,	upon	exposure	of	
2.6a	 to	 the	 optimized	 reaction	 conditions	 for	 the	 carboxylation	 of	 alkyl	 bromides	 and	 sulfonates36	 resulted	 in	
recovered	 starting	 material	 (Table	 2.1,	 entries	 1-2).	 Therefore,	 we	 decided	 to	 systematically	 explore	 all	 reaction	
parameters	 that	might	have	an	 influence	on	reactivity	such	as	 temperatures,	nickel	sources,	additives,	solvents	and	
reducing	agents.	As	shown	in	entry	4,	we	obtained	a	rather	promising	result	by	increasing	the	temperature	to	90	oC	
using	L2.6;	however,	significant	amounts	of	β-hydride	elimination	were	detected	in	the	crude	reaction	mixtures.37	It	is	
worth	noting	that	neither	a	further	increase	on	the	temperature	(entry	5),	nor	longer	reaction	times	(entry	6)	had	a	
positive	effect	on	the	productive	formation	of	2.7a.		
	
	
	
	
	
Reaction	conditions:	2.6a	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·glyme	(10	mol%),	neocuproine	L2.6	 (26	mol%),	Mn	
(0.6	mmol),	DMA	(2.0	mL),	rt	-	100	ºC,	12	h.	a	HPLC	conversion	and	yield	determined	using	anisole	as	internal	
standard.	 β-hydride	 elimination	 of	 the	 alkyl	 chloride	 to	 form	 a	 mixture	 of	 olefins	 accounts	 for	 the	 mass	
balance	as	the	major	side	products.	b	Optimized	conditions	for	the	carboxylation	of	alkyl	bromides.	c	Optimized	
conditions	for	the	carboxylation	of	sulfonates.	d	Reaction	time	36h.	e	Isolated	yield.		
	
                                                
36	Y.Liu,	J.	Cornella,	R.	Martin,	J.	Am.	Chem.	Soc.	2014,	136,	11212-11215.
 
37	The	amount	of	β-hydride	elimination	product	could	not	be	quantified	since	a	mixture	of	regio-	and	stereoisomeric	olefins	was	obtained.	
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5	 NiBr2·glyme	 100	 69	 12	
6d	 NiBr2·glyme	 90	 55	 25	
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Table	2.1.	Primary	alkyl	chlorides:	screening	of	temperature.	
	
As	 some	 additives	 have	 demonstrated	 to	 effectively	 promote	 CO2	 fixation	 in	 carboxylation	 protocols
	
and	 cross-
electrophile	coupling	reactions,26,38	
	
we	decided	to	investigate	whether	their	inclusion	could	have	a	beneficial	impact	
on	reactivity	(Table	2.2).	To	such	end,	the	effect	of	various	salts	was	investigated	(ammonium	salts,	transition	metal	
salts,	 alkali	 metal	 salts,	 etc).	 After	 extensive	 experimentation,	 we	 discovered	 that	 LiCl	 improved	 the	 yield	 of	 the	
reaction	 (entry	 1).	 Unfortunately,	 the	 reaction	 did	 not	 reach	 full	 completion,	 neither	 by	 increasing	 the	 amount	 of	
additive,	 temperature	 nor	 increasing	 the	 reaction	 time	 (entries	 2-4).	 Prompted	 by	 our	 success	 when	 employing	
ammonium	salts	as	additives	 in	the	carboxylation	of	benzyl	halides,39	we	decided	to	 look	at	such	additives	 in	detail.	
Interestingly,	we	found	that	either	nBu4NBr	or	nBu4NI	resulted	in	high	conversions,	but	low	selectivity	profile	since	β-
hydride	 elimination	pathways	 still	 dominated	 (entries	 8	 and	9).	 Remarkably,	 a	 simple	decrease	of	 the	 temperature	
allowed	 for	 minimizing	 the	 parasitic	 β-hydride	 elimination	 when	 employing	 nBu4NBr	 as	 additive,	 allowing	 the	
preparation	of	2.7a	in	a	rather	promising	51%	isolated	yield	with	a	regime	based	on	L2.6	(entry	10).		
	
	
	
	
	
Reaction	conditions:	2.6a	(0.2	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	neocuproine	L2.6	(26	mol%),	Mn	(0.6	
mmol),	additive	(x	mmol),	DMF	(1.0	mL),	60	-	100	ºC,	12	h.	a	HPLC	conversion	and	yield	determined	using	anisole	
as	 internal	 standard.	β-hydride	elimination	of	 the	alkyl	 chloride	 to	 form	a	mixture	of	olefins	accounts	 for	 the	
mass	balance	as	the	major	side	products.	b	Reaction	time	3	days.	c	Isolated	yield.	
	
Table	2.2.	Primary	alkyl	chlorides:	screening	of	additives.	
	
Encouraged	by	these	results,	we	decided	to	study	the	stereoelectronic	effects	of	the	ligand	outcome,	thus	gathering	
important	 structural	 information	 about	 the	 carboxylation	 protocol.	 Therefore,	 a	 variety	 of	 bipyridine	 and	
phenanthroline	 ligands	 having	 different	 electronic	 and	 steric	 properties	 were	 synthetized	 using	 well-known	
methodologies.40	As	shown	in	Table	2.3,	we	systematically	found	that	the	introduction	of	alkyl	ortho-substituents	had	
a	positive	effect	on	 reactivity	 (ligands	L2.7-L2.9).	 Likewise,	 the	utilization	of	phenanthroline	 ligands	as	compared	 to	
bipyridines	also	had	an	additional	influence	on	the	yield	(ligand	L2.6	vs	L2.7).	 	Unexpectedly,	we	discovered	that	the	
                                                
38	a)	D.	A.	Everson,	T.	G.	David,	D.	J.	Weix.	Org.	Synth.,	2013,	90,	200-214.	b)	A.	H.	Cherney,	S.	E.	Reisman,	J.	Am.	Chem.	Soc.,	2014,	136,	
14365−14368		
39	T.	León,	A.	Correa,	R.	Martin,	J.	Am.	Chem.	Soc.	2013,	135,	1221-1224.		
40	a)	S.	Jakobsen,	M.	Tilset,	Tetrahedron	Letters.,	2011,	52,	3072–3074	(b)	T.	Wang,	F.	Chen,	J.	Qin,	Y.	M.	He,	Q.	H.	Fan,	Angew.	Chem.,	Int.	
Ed.,	2013,	52,	7172–7176.		
 
Cl
OMe
CO2H
OMe
NiBr2·glyme (10 mol%)
neocuproine,L2.6 (26 mol%)
Mn (3.0 equiv), additive (x equiv)
DMF (0.2 M), T (ºC), 12h
2.6a
CO2
(1 atm)
+
N N
MeMe L2.62.7a
Entry	 Additive	 Temperature	(ºC)	 Conv	(%)a	 Yield	2.6a	(%)a	
1	 LiCl	(1.0	equiv)	 90	 74	 42	
2	 LiCl	(2.0	equiv)	 90	 63	 39	
3	 LiCl	(1.0	equiv)	 100	 60	 20	
4b	 LiCl	(1.0	equiv)	 90	 80	 45	
5	 LiBr	(1.0	equiv)	 90	 87	 4	
6	 LiI	(1.0	equiv)	 90	 93	 0	
7	 NaI	(1.0	equiv)	 90	 90	 4	
8	 nBu4NBr	(1.0	equiv)	 90	 90	 0	
9	 nBu4NI	(1.0	equiv)	 90	 93	 0	
10	 nBu4NBr	(1.0	equiv)	 60	 69	 57	(51)c	
12b	 nBu4NBr	(1.0	equiv)	 60	 89	 61	
13	 nBu4NI	(1.0	equiv)	 60	 61	 39	
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use	of	L2.11	with	alkyl	para-substituents	effectively	 improved	the	yield	while	 reaching	nearly	 full	conversion.	These	
results	 indicate	 that	 a	 rather	 electron-rich	 nitrogen	 ligand	with	 steric	 bulk	 at	 the	ortho-position	might	 significantly	
enhance	oxidative	addition	while	preventing	β-hydride	elimination	from	occurring.	While	changing	the	electronics	of	
the	phenantrhroline	 ligand	demonstrated	 to	be	deleterious	 for	 the	 reaction	 (L2.12	 and	L2.13),	 increasing	 the	 steric	
bulkiness	of	 the	ortho-substituent	 (L2.14)	 resulted	 in	 lower	yields	and	conversions,	presumably	due	to	coordination	
inhibition	to	the	metal	center.	Phosphine	ligands	gave	low	conversions	of	2.6a	even	at	high	temperatures	while	other	
nitrogen-based	ligands	rendered	low	yields	of	carboxylic	acid.		
	
 
Reaction	conditions:	2.6a	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·glyme	 (10	mol%),	L2.6	 –	 L2.14	 (24	mol%),	Mn	 (0.6	mmol),	
nBu4NBr	 (0.2	mmol),	 DMF	 (1.2	mL),	 60	 ºC,	 12	 h.	 a	 HPLC	 conversion	 and	 yield	 determined	 using	 anisole	 as	 internal	
standard.	β-hydride	elimination	of	the	alkyl	chloride	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	
major	side	products.	b	Isolated	yield,	reaction	time	48	h.		
	
Table	2.3.	Primary	alkyl	chlorides:	screening	of	ligands.	
	
With	 optimized	 conditions	 in	 hand,	we	 decided	 to	 explore	 important	 deviations	 from	 these	 parameters	 to	 get	 a	
better	 understanding	 of	 the	 reaction	 (Table	 2.4).	 As	we	 could	 initially	 anticipate,	 the	 use	 of	 5	mol%	Ni	 resulted	 in	
lower	yield	of	2.7a	while	still	allowing	full	conversion	of	2.6a	(entry	2).	We	were	glad	to	observe	that	by	using	LiCl	at	
higher	 temperatures	 in	 replacement	of	nBu4NBr	decent	yields	of	2.7a	 could	still	be	obtained,	 suggesting	 that	 these	
conditions	could	be	applied	if	required	(entry	3).	Although	the	role	of	LiCl	is	unclear,	we	believe	it	might	be	acting	as	a	
Lewis	acid	coordinating	to	CO2,	thus	facilitating	its	insertion	into	the	C(sp
3)-Ni	bond.	Interestingly,	just	a	small	drop	in	
reactivity	was	observed	by	using	Zn	as	reducing	agent	(Eº	=	-1.02	V),	indicating	that	the	strongly	reducing	Mn	powder	
(Eº	=	-1.44	V)	could	potentially	be	replaced	by	milder	reductants	(entry	5).	The	use	of	a	chloride	ammonium	salt	had	
no	 influence	on	 the	 reaction	as	 the	absence	of	additive	affords	 roughly	 the	 same	 result	 (entry	6	vs	entry	5).	Other	
highly	polar	aprotic	solvents	such	as	DMSO	afforded	the	desired	product	in	decent	yields	(entry	7).	Finally,	phosphine	
ligands	demonstrated	to	be	completely	unreactive	towards	CO2	insertion	(entry	8).		
	
 
Entry	 Deviation	from	standard	conditions	 Conv	(%)a	 Yield	2.6a	(%)a	
1	 none	 100	 92	(85)b	
Cl
OMe
CO2H
OMe
NiBr2·glyme (10 mol%)
L2.6 - L2.14 (24 mol%)
Mn (3.0 equiv), nBu4NBr (1.0 equiv)
DMF (0.17 M), 60 ºC, 12h
2.6a
CO2 (1 atm)+
2.7a
N N N N
Me
N N
Me Me
N N
MeMe
N N
EtEt
N N
nBunBu
Me Me
N N
nBunBu
Me Me
N N
CyCy
Me Me
Conv: 61%a
Yield 2.7a: 0%a
Conv: 40%a
Yield 2.7a: 17%a
Conv: 67%a
Yield 2.7a: 37%a
Conv: 64%a
Yield 2.7a: 53%a
Conv: 85%a
Yield 2.7a: 62%a
Conv: 75%a
Yield 2.7a: 67%a
Conv: 100%a,b
Yield 2.7a: 92% (85)a,b
Conv: 66%a
Yield 2.7a: 26%a
L2.8L2.7 L2.9 L2.6 L2.10
L2.11L2.11 L2.14
N N
nBunBu
Ph Ph
Conv: 92%a
Yield 2.7a: 60%a
L2.13
N N
nBunBu
Conv: 100%a
Yield 2.7a: 28%a
L2.12
Me
Me Me
Me
NiBr2·glyme (10 mol%)
L2.11 (24 mol%)
Mn (3.0 equiv), nBu4NBr (1.0 equiv)
DMF (0.17 M), 60 ºC, 48h L2.11
N N
nBunBu
Me Me
Cl
OMe
CO2H
OMe
2.6a
CO2
(1 atm)
+
2.7a
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2	 NiBr2·glyme	(5	mol%)	instead	of	10	mol%	 100	 74	(67)b	
3	 LiCl	at	90	ºC	instead	of	nBu4NBr	 92	 58	
4	 At	rt	instead	of	60ºC	 13	 10	
5	 Zn	instead	of	Mn	 94	 68	
6	 nBu4NCl	instead	of	nBu4NBr	 43	 32	
7	 DMSO	instead	of	DMF	 88	 55	
8	 PMe3,	PCy3,	PPh3,	dppf,	dppp	instead	of	L2.11	 25-100	 0	
Reaction	conditions:	2.6a	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·glyme	(10	mol%),	L2.11	 (24	mol%),	Mn	(0.6	mmol),	
nBu4NBr	 (0.2	mmol),	 DMF	 (1.2	mL),	 60	 ºC,	 48	 h.	 a	 HPLC	 conversion	 and	 yield	 determined	 using	 anisole	 as	
internal	 standard.	β-hydride	 elimination	 of	 the	 alkyl	 chloride	 to	 form	 a	mixture	 of	 olefins	 accounts	 for	 the	
mass	balance	as	the	major	side	products.	b	Isolated	yield.		
	
Table	2.4.	Deviation	from	standard	conditions.	
	
As	expected,	control	experiments	revealed	that	all	variables	were	critical	to	afford	the	carboxylation	of	2.6a	in	high	
yield.	Table	2.5	shows	that	without	Ni,	ligand,	or	Mn,	no	carboxylation	product	is	obtained	(entries	2-4).	Omission	of	
nBu4NBr	resulted	in	lower	conversion	and	yield	of	the	desired	product,	suggesting	that	its	only	function	is	to	increase	
the	 rate	 of	 the	 reaction	 at	 lower	 temperatures	 (entry	 5).	 Importantly,	 replacing	 the	 CO2	 atmosphere	 with	 argon	
generated	mainly	β-hydride	elimination	products	(entry	6).	
 
 
Entry	 Deviation	from	standard	conditions	 Conv	(%)a	 Yield	2.6a	(%)a	
1	 none	 100	 92	(85)b	
2	 no	NiBr2·glyme	 0	 -	
3	 no	L2.11	 14	 0	
4	 no	Mn	 0	 -	
5	 no	nBu4NBr	 43	 34	
6	 no	CO2	 54	 0	
Reaction	conditions:	2.6a	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·glyme	(10	mol%),	L2.11	 (24	mol%),	Mn	(0.6	mmol),	
nBu4NBr	 (0.2	mmol),	 DMF	 (1.2	mL),	 60	 ºC,	 48	 h.	 a	 HPLC	 conversion	 and	 yield	 determined	 using	 anisole	 as	
internal	 standard.	β-hydride	 elimination	 of	 the	 alkyl	 chloride	 to	 form	 a	mixture	 of	 olefins	 accounts	 for	 the	
mass	balance	as	the	major	side	products.	b	Isolated	yield.		
 
Table	2.5.	Control	experiments.	
 
2.3.2.	Preparative	substrate	scope	
	
With	the	optimized	conditions	in	hand	to	promote	the	carboxylation	of	unactivated	alkyl	chlorides,	we	next	set	out	
to	explore	the	scope	of	the	reaction,	hoping	that	our	protocol	could	be	utilized	with	different	substrates	possessing	
particularly	sensitive	functional	groups	(Scheme	2.12).	All	starting	unactivated	alkyl	chlorides	were	used	as	received,	
synthesized	in	one-step	from	the	corresponding	alcohol	via	reaction	with	thionyl	chloride	or	by	an	SN2	reaction	on	an	
aliphatic	 chain	 bearing	 a	 bromo	 and	 a	 chloro	 substituent.	 As	 shown	 in	 Scheme	 2.12,	 a	 wide	 range	 of	 different	
unactivated	 alkyl	 chlorides	 possessing	 various	 functional	 groups	 were	 perfectly	 accommodated	 as	 acetals	 (2.7b),	
esters	(2.7c−2.7f	and	2.7n),	aryl	fluorides	(2.7c),	heterocycles	(2.7d,	2.7e,	and	2.7f),	amides	(2.7h),	silyl	ethers	(2.7p),	
nitriles	(2.7q),	carbamates	(2.7o),	or	alkenes	(2.7u)	could	all	be	perfectly	accommodated.	Interestingly,	free	aliphatic	
alcohols	(2m	and	2v)	or	even	their	more	acidic	phenol	congeners	do	not	interfere	even	at	a	1.5	mmol	scale	(2.7r),	thus	
illustrating	 the	 potential	 of	 our	 methodology	 in	 protecting-group-free	 strategies.	 These	 results	 are	 particularly	
NiBr2·glyme (10 mol%)
L2.11 (24 mol%)
Mn (3.0 equiv), nBu4NBr (1.0 equiv)
DMF (0.17 M), 60 ºC, 48h L2.11
N N
nBunBu
Me Me
Cl
OMe
CO2H
OMe
2.6a
CO2
(1 atm)
+
2.7a
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noteworthy	 since	 these	 substrates	 could	 not	 be	 tolerated	 with	 a	 protocol	 based	 on	 the	 classical	 carboxylation	 of	
stoichiometric,	 well-defined	 and	 air-sensitive	 organometallic	 species	 such	 as	 organozinc	 and	 Grignard	 reagents,	
among	 others.	 Although	 tentative,	 we	 believe	 that	 the	 tolerance	 of	 these	 motifs	 might	 indicate	 the	 formation	 of	
hemicarbonates	in	situ	with	CO2	that	are	in	equilibrium	with	the	corresponding	alcohols.	In	line	with	these	results,	we	
found	that	alkyl	ketones	possessing	β-hydrogens	could	be	coupled	perfectly	(2.7i);	interestingly,	we	did	not	find	even	
traces	of	the	corresponding	aldol	condensation,	suggesting	that	such	reaction	conditions	are	rather	neutral	and	that	
might	be	used	 for	particularly	 sensitive	 functional	 groups.	 Likewise,	we	 found	 that	aldehydes	 (2j)	 could	be	 coupled	
with	high	efficiency.	While	C−O	electrophiles	have	been	utilized	in	Ni-catalyzed	cross-coupling	reactions41	or	reductive	
carboxylation	 reactions,42	we	 found	 exclusive	 formation	 of	 2.7n	 and	 2.7s,	 thus	 providing	 an	 additional	 handle	 for	
further	functionalization.	As	shown	for	(2.7s),	this	observation	is	likely	attributed	to	the	fact	that	the	carboxylation	of	
aryl	pivalates	proceeds	exclusively	 in	the	presence	of	phosphine	ligands,42	whether	the	carboxylation	of	unactivated	
alkyl	chlorides	is	totally	inhibited	in	the	presence	of	such	strong	sigma-donors.	
	
	
Reaction	conditions:	2.6a-v	 (0.4	mmol),	CO2	 (1	atm),	NiBr2·glyme	(10	mol%),	L2.11	(24	mol%),	Mn	(1.2	mmol),	nBu4NBr	
(0.4	mmol),	DMF	(2.4	mL),	60	ºC,	48	h.	Isolated	yields,	average	of	at	least	two	independent	runs.	a	At	1.5	mmol	scale.	b	72	
h.	
 
Scheme	2.12.	Scope	of	the	carboxylation	of	unactivated	primary	alkyl	chlorides.	
	
	
It	is	worth	mentioning	that	different	unactivated	alkyl	chlorides	failed	to	undergo	carboxylation	under	our	optimized	
conditions,	affording	either	recovered	starting	material,	 full	conversion	to	complex	mixtures,	alkenes	or	 the	desired	
                                                
41	a)	M.	Tobisu,	N.	Chatani,	Acc.	Chem.	Res.	2015,	48,	1717-1726.	b)	J.	Cornella,	C.	Zarate,	R.	Martin,	Chem.	Soc.	Rev.	2014,	43,	8081-8097.	
c)	J.	Yamaguchi,	K.	Muto,	K.	Itami,	Eur.	J.	Org.	Chem.	2012,	2013,	19-30.	
42	T.	León,	A.	Correa,	R.	Martin,	J.	Am.	Chem.	Soc.	2013,	135,	1221-1224.	
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product	in	low	yield.	(Scheme	2.13).	Unfortunately,	substrates	possessing	carboxylic	acids	or	nitro	groups	could	not	be	
employed	 as	 substrates,	 recovering	 the	 corresponding	 starting	 materials	 unaltered	 (2.6aa	 and	 2.6ab).	 Complex	
mixtures	were	observed	with	substrates	bearing	functional	groups	such	as	 indoles	(2.6ad),	phthalimides	(2.6ae)	and	
alkynes	 (2.6af)	were	 reacted.	The	mixture	of	products	 likely	originated	 from	the	 formation	of	Ni-H	species,	after	β-
hydride	elimination,	which	could	react	with	the	electrophilic	functionalities.	While	epoxides	could	undergo	nickel	ring	
opening	under	reductive	conditions	(2.6ac),43	tributyltin	groups	could	promote	transmetallation	even	in	the	absence	
of	base	(2.6ag),	thus	leading	as	well	to	complex	reaction	mixtures.	As	expected,	the	utilization	of	homobenzylic	alkyl	
chlorides	resulted	in	dimerization	and	fast	styrene	formation	via	β-hydride	elimination	(2.6ah),	while	the	presence	of	
basic	amine	donors	might	compete	with	ligand	binding	thus	favoring	this	process	(2.6ai	and	2.6aj).	As	anticipated,	the	
utilization	of	alkyl	chlorides	possessing	aryl	chlorides	in	their	structure	resulted	in	low	yield	of	the	carboxylation	at	the	
C(sp3)-Cl	bond,	with	significant	amounts	of	protodehalogenation	of	the	C(sp2)-Cl	bond	in	the	crude	mixtures	(2.7ak).	
Finally,	we	were	glad	to	observe	that	some	particularly	sensitive	alkyl	or	aryl	pinacol	boronic	ester	starting	materials	
afforded	 the	 desired	 product	 of	 carboxylation	 in	 low	 yields	 (2.7al	 and	2.7am).	 The	 successful	 carboxylation	 in	 the	
presence	of	these	organometallic	functionalities	suggests	this	protocol	could	be	used	in	orthogonal	functionalization	
reactions.		
	
	
Reaction	 conditions:	2.6aa-2.6am	 (0.4	mmol),	 CO2	 (1	 atm),	NiBr2·glyme	 (10	mol%),	 L2.11	 (24	mol%),	Mn	 (1.2	mmol),	
nBu4NBr	(0.4	mmol),	DMF	(2.4	mL),	60	ºC,	48	h.	Isolated	yields.	
 
Scheme	2.13.	Unsuccessful	substrates	for	the	carboxylation	of	unactivated	primary	alkyl	chlorides.	
	
2.3.3.	Iterative	cross-coupling	reactions	
	
The	feasibility	of	promoting	an	 intermolecular	cross-electrophile	coupling	reaction	with	unactivated	alkyl	chlorides	
suggested	that	our	methodology	could	open	up	possibilities	 in	 iterative	cross-coupling	scenarios	of	polyhalogenated	
backbones.44	As	illustrated	in	Scheme	2.14,	2.8b	could	be	selectively	prepared	from	densely	halogenated	2.8a	by	using	
Gong’s	 Ni-catalyzed	 cross-electrophile	 coupling	 with	 tert-butyl	 bromide.45	Subsequently,	 we	 hypothesized	 that	 a	
Suzuki−Miyaura	 reaction	 using	 Buchwald’s	 protocol	 under	 a	 Pd/XPhos	 regimes,46	would	 result	 in	 the	 selective	
                                                
43	Y.	Zhao,	D.	J.	Weix,	J.	Am.	Chem.	Soc.	2014,	136,	48-51. 
44	For	selected	reviews:	(a)	R.	Rossi,	F.	Bellina,	M.		Lessi,	Tetrahedron	2011,	67,	6969-7184.	(b)	I.	J.	S.	Fairlamb,	Chem.	Soc.	Rev.	2007,	36,	
1036-1045.		
45	X.	Wang,	S.	Wang,	W.	Xue,	H.	Gong,	J.	Am.	Chem.	Soc.	2015,	137,	11562-11565.	
46	a)	T.	Kinzel,	Y.	Zhang,	S.	L.	Buchwald,	J.	Am.	Chem.	Soc.	2010,	132,	14073-14075.	b)	M.	R.	Biscoe,	B.	P.	Fors,	S.	L.	Buchwald,	J.	Am.	Chem.	
Soc.	2008,	130,	6686-6687.		
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activation	of	the	C(sp2)-Cl,	leaving	untouched	the	corresponding	less	activated	C(sp3)-Cl	bond.	As	anticipated,	we	could	
afford	2.8c	selectively	in	an	85%	isolated	yield.	Ultimately,	by	exposing	alkyl	chloride	2.8c	to	our	next	best-optimized	
conditions,	based	on	the	utilization	of	one	equivalent	of	LiCl	at	80	ºC,	we	could	generate	2.8d	in	a	60%	isolated	yield.	
Interestingly,	upon	exposure	of	2.8c	 to	our	optimized	conditions	using	nBu4NBr,	 lower	yield	of	 the	desired	product	
was	obtained.		
	
	
	
Reaction	conditions:	Reductive	coupling	of	aryl	bromide:	2.8a	 (0.3	mmol),	2.9a	 (0.6	mmol),	Ni(acac)2	 (5	mol%),	DMAP	(0.3	mmol),	
MgCl2	(0.45	mmol),	Zn	(0.60	mmol),	DMA	(1.0	mL),	rt,	12	h.	Suzuki	coupling	of	aryl	chloride:	2.8b	(0.72	mmol),	2.10a	(1.08	mmol),	Pd-
XPhos	G2	 (3	mol%),	K3PO4	 (1.44	mmol),	THF	 (1.4	mL),	H2O	 (2.88	mL),	 rt,	12h.	Reductive	carboxylation	of	alkyl	 chloride:	 2.8c	 (0.15	
mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	L2.11	(24	mol%),	Mn	(0.45	mmol),	LiCl	(0.15	mmol),	DMF	(0.9	mL),	80	ºC,	12	h.	Isolated	
yields,	average	of	at	least	two	independent	runs.	
	
Scheme	2.14.	Example	1.	Iterative	coupling	with	a	polyhalogenated	motif.	
	
In	 order	 to	 demonstrate	 the	 generality	 of	 our	 reaction,	 we	 investigated	 the	 possibility	 of	 performing	 iterative	
couplings	by	using	other	reductive	cross-coupling	strategies	and	more	functionalized	coupling	partners	(Scheme	2.15).	
Indeed,	 the	 reductive	 coupling	 between	 polyhalogenated	 2.11a	 and	 one	 equivalent	 of	 N-Boc	 protected	 secondary	
alkyl	bromide	2.9b	afforded	2.11b	selectively	in	an	excellent	yield.47	The	Suzuki-Miyaura	cross-coupling	of	2.11b	with	
para-methoxy	substituted	boronic	acid	2.10b	gave	2.11c	in	96%	isolated	yield,	and	upon	final	exposure	of	2.11c	to	our	
carboxylation	protocol	based	on	LiCl,	a	74%	yield	of	the	expected	carboxylic	acid	was	obtained	(2.11d).	
	
	
Reaction	conditions:	Reductive	coupling	of	aryl	bromide:	2.11a	 (0.15	mmol),	2.9b	 (0.15	mmol),	NiI2	 (10	mol%),	dtbbpy	 (10	mol%),	
MgCl2	(0.15	mmol),	pyridine	(0.15	equiv),	Zn	(0.30	mmol),	DMA	(1.0	mL),	rt,	12	h.	Suzuki	coupling	of	aryl	chloride:	2.11b	(1.0	mmol),	
2.10b	 (1.5	mmol),	 Pd-Xphos	G2	 (3	mol%),	K3PO4	 (2.0	mmol),	 THF	 (2.0	mL),	H2O	 (4.0	mL),	 rt,	 12h.	Reductive	 carboxylation	of	 alkyl	
chloride:	2.11c	(0.2	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	L2.11	(24	mol%),	Mn	(0.6	mmol),	LiCl	(0.2	mmol),	DMF	(1.2	mL),	80	
ºC,	12	h.	Isolated	yields,	average	of	at	least	two	independent	runs.	
	
Scheme	2.15.	Example	2.	Iterative	coupling	with	a	polyhalogenated	motif.	
	
The	broad	functional	group	tolerance	of	our	Ni-catalyzed	carboxylation	of	primary	alkyl	chlorides	(Scheme	2.12)	and	
                                                                                                                                                            
 
47	S.	Wang,	Q.	Qian,	H.	Gong,	Org.	Lett.,	2012,	14,	3352-3355. 
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its	utility	in	iterative	cross-coupling	scenarios	with	polyhalogenated	substrates	(Scheme	2.14-2.15)	have	demonstrated	
the	prospective	impact	of	this	methodology	in	both	cross-electrophile	couplings	and	catalytic	carboxylation	processes.		
	
2.3.4.	Mechanistic	studies		
	
2.3.4.1.	Oxidative	addition	through	single	electron	transfer	(SET)	
	
The	 stereochemical	 course	of	 the	 reaction	was	 studied	with	 the	 intention	of	 getting	 some	 insight	 into	 the	 actual	
oxidative	addition	pathway.	Therefore,	we	decided	to	synthesize	deuterium-labelled	alkyl	chlorides	2.12a	and	2.12b,	
following	 a	 modified	 literature	 procedure	 reported	 by	 Fu.121	 Upon	 exposure	 of	 diasteromerically	 pure	 syn-alkyl	
chloride	2.12a	 to	 the	 optimized	 reaction	 conditions	2.13	was	 obtained	 as	 the	 statistical	mixture	 of	 diastereomeric	
carboxylic	 acids	 (Scheme	 2.16,	 left).	 Likewise,	 when	 submitting	 trans-alkyl	 chloride	 2.12b	 to	 our	 carboxylation	
conditions,	 the	 same	 result	 was	 obtained	 (Scheme	 2.16,	 right).	 These	 results	 tentatively	 indicate	 that	 oxidative	
addition	of	 the	unactivated	alkyl	 chloride	 to	 the	Ni(0)Ln	 species	does	not	 invert	 the	 stereochemistry	of	 the	 starting	
material,	pointing	against	an	SN2-type	mechanism	for	this	elementary	step
.48,49	Instead,	oxidative	addition	is	thought	
to	occur	with	erosion	of	 the	stereochemical	 integrity,	 indicating	 that	a	primary	 radical	 intermediate	 is	 formed	after	
SET	 from	 the	nickel	 catalyst	 to	 the	 alkyl	 chloride.	 Rapid	pyramidal	 inversion	 of	 radical	XCVII	 causes	 the	 loss	 of	 the	
stereochemical	 information,	and	ultimately	 resulting	 in	 the	 formation	of	a	diastereomeric	mixture	of	products	with	
two	distinct	J1,2	coupling	constants	for	the	syn-	and	trans-carboxylic	acids.	An	alternative	explanation	of	this	outcome	
could	be	through	a	classical	oxidative	addition	followed	by	β-hydride	elimination,	which	would	generate	an	alkene	and	
a	Ni-H	species.	Migratory	insertion	of	the	olefin	into	the	Ni-H	bond	could	ultimately	generate	the	same	diastereomeric	
mixture	of	products.	However,	this	SN2-type	pathway	is	considered	to	be	less	likely	considering	the	wealth	of	available	
literature	 on	 the	 involvement	 of	 alkyl	 radical	 intermediates	 reported	 by	 the	 group	 of	 Weix50	and	 Gong
51	in	 Ni-
catalyzed	 cross-electrophile	 couplings,	 and	 by	 Fu	 and	 co-workers	 in	 Suzuki,52	Hiyama53	and	 Stille54	cross-couplings.	
Nevertheless,	 considering	 that	unactivated	primary	alkyl	 chlorides	had	never	been	used	 in	 reductive	 cross-coupling	
reactions,	we	decided	to	get	a	deeper	understanding	of	this	elementary	step.		
	
	
	
Scheme	2.16.	Carboxylation	of	XX	and	XX	to	identify	the	stereochemical	course	of	the	reaction.	
	
While	slightly	diminished	yields	were	observed	in	the	presence	of	one	equivalent	of	BHT,	the	utilization	of	TEMPO	
significantly	 inhibited	 the	 reaction	 (Scheme	 2.17).	 Although	 these	 results	 do	 not	 necessarily	 imply	 intermediacy	 of	
alkyl	 radical	 species,55	the	great	 inhibition	observed	 in	 the	presence	of	TEMPO	 falls	 in	 line	with	 the	hypothesis	of	a	
                                                
48	a)	M.	R.	Netherton,	G.	C.	Fu,	Angew.	Chem.	Int.	Ed.	2002,	41,	3910-3912.	b)	B.	J.	Stokes,	S.	M.	Opra,	M.	S.	Sigman,	J.	Am.	Chem.	Soc.	2012,	
134,	11408-11411.		
49	X.	Wang,	Y.	Liu,	R.	Martin,	J.	Am.	Chem.	Soc.	2015,	137,	6476-6479. 
50	D.	J.	Weix,	D.	Acc.	Chem.	Res.	2015,	48,	1767-1775.			
51	X.	Wang,	Y.	Dai,	H.	Gong,	Top.	Curr.	Chem.	2016.	374,	43.	
52	J.	(Steve)	Zhou,	G.	C.	Fu,	J.	Am.	Chem.		Soc.	2004,	126,	1340-1341.		
53	,	D.	A.	Powell,	G.	C.	Fu,	J.	Am.	Chem.	Soc.	2004,	126,	7788-7789.			
54	D.	A.	Powell,	T.	Maki,	G.	C.	Fu,	J.	Am.	Chem.	Soc.	2005,	127,	510-511.			
55	Reaction	inhibition	could	be	also	ascribed	to	catalyst	inhibition	(D.	Isrow,	B.	Captain,	Inorg.	Chem.	2011,	50,	5864-5866). 
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radical	pathway	for	oxidative	addition.		
	
	
	
Reaction	conditions:	2.6a	(0.4	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	L2.11	(24	mol%),	Mn	(1.2	mmol),	nBu4NBr	(0.4	
mmol),	DMF	(2.4	mL),	60	ºC,	48	h.	Isolated	yields.	
	
Scheme	2.17.	Experiments	with	radical	scavengers.	
	
In	order	to	obtain	a	stronger	evidence	for	C(sp3)-Cl	oxidative	addition	through	a	SET	pathway,	we	investigated	the	
ratio	between	linear	and	cyclized	products	when	exposing	6-chloro-hex-1-en	2.14	to	the	optimized	reaction	conditions	
at	different	 catalyst	 loadings.	 This	experiment	has	been	previously	used	as	a	probe	 to	 study	 the	mechanism	of	 the	
oxidative	 addition	 step	 in	 traditional	 cross-couplings, 56 	and	 of	 cross-electrophile	 couplings	 of	 unactivated	 alkyl	
halides.57,58	The	oxidative	addition	of	2.14	via	SET	from	Ni(0)	results	in	the	formation	of	an	alkyl	radical,	which	is	prone	
to	trigger	a	 fast	 intramolecular	5-exo-trig	 cyclization	 (k2	~	10
5	s-1)	 to	afford	a	second	alkyl	 radical.	Recombination	of	
either	of	these	species	with	Ni(I)-Cl	en	route	to	alkyl-Ni(II)-Cl	species	can	take	place	via	different	pathways:	the	formed	
alkyl	radical	could	remain	in	the	solvent	cage	and	recombine	with	the	same	species	of	Ni(I)-Cl	(Scheme	2.18,	right),	or		
it	 could	escape	 from	the	 solvent	 cage	and	 recombine	with	a	 second	Ni(I)-Cl	 species	 (Scheme	2.18,	 left).	A	 constant	
ratio	between	the	 linear	 (L)	and	cyclized	products	 (C)	at	different	catalyst	 loadings	 is	expected	 for	 the	radical	cage-
rebound	mechanism,	whereas	a	linear	dependence	should	be	observed	in	if	a	radical	escape-rebound	is	operative,	as	
higher	Ni	concentrations	decrease	the	lifetime	of	the	linear	radical	through	faster	radical-Ni	recombination.56		
	
	
Scheme	2.18.	Radical	escape-rebound	vs	radical	cage-rebound	mechanisms.	
	
After	submitting	6-chloro-hex-1-en	(2.14)	to	the	optimized	reaction	conditions	using	increasing	catalyst	loadings	(3-8	
mol	 %),	 a	 linear	 dependence	 between	 the	 catalyst	 concentration	 and	 the	 linear	 to	 cyclized	 ratio	 (L/C)	 was	 found	
(Scheme	 2.19).	 The	 dependence	 of	 L/C	 with	 the	 Ni-catalyst	 loading	 suggests	 an	 escape-rebound	 mechanism	 is	
operative.	Moreover	 it	 is	 in	agreement	with	previous	studies	carried	out	 in	reductive	cross-electrophile	couplings	of	
alkyl	 halides	with	aryl	 halides,57	 alkyl	 acids58	 and	 isocyanates.59	Finally,	 this	 result	 also	 rules	out	 the	 involvement	of	
classical	 SN2-type	 oxidative	 addition,	 as	 in	 this	 reaction	 pathway	 a	 constant	 ratio	 between	 the	 linear	 and	 cyclized	
products	(L/C)	at	different	catalyst	loadings	should	also	be	observed.	
	
                                                
56	J.	Breitenfeld,	J.	Ruiz,	M.	D.	Wodrich,	X.	Hu,	J.	Am.	Chem.	Soc.	2013,	135,	12004-12012.	
57	S.	Biswas,	D.	J.	Weix,	J.	Am.	Chem.	Soc.	2013,	135,	16192-16197.	
58	C.	Zhao,	X.	Jia,	X.	Wang,	H.	Gong,	J.	Am.	Chem.	Soc.	2014,	136,	17645-17651.	
59	E.	Serrano,	R.	Martin,	Angew.	Chem.	Int.	Ed.	2016,	55,	1-6. 
2.6a 2.7a
Cl CO2H
OMe OMe
CO2
(1 atm)
NiBr2·glyme (10 mol%)
L2.11 (24 mol%)
Mn (3.0 equiv), nBu4NBr (1.0 equiv)
DMF (0.17 M), 60 ºC, 12h
L2.11
N N
nBunBu
Me Me
BHT
or
TEMPO
(1.0 equiv)
++
70% yield (BHT)
22% yield (TEMPO)
Cl
Ni0LnNi0Ln NiI ClNiI Cl
r1
r2
r1
r2
k1
k2
k1
k2
solvent cagecage escape
NiII ClNiII Cl
NiI Cl
NiII Cl
NiI Cl
NiII Cl
Radical cage-rebound mechanismRadical escape-rebound mechanism
r1         k1[(XCVIII)][(Ni)]
r2             k2[(XCVIII)]
=
r1         k1 [(XCVIII)]
r2         k2 [(XCVIII)]
=
XCVIIIXCVIII 2.14
Ni-Catalyzed	Carboxylation	of	Unactivated	Alkyl	Chlorides	with	CO2	
 64	
	
Reaction	conditions:	2.14	(0.2	mmol),	CO2	(1	atm),	NiBr2·glyme	(3-8	mol%),	L2.11	(2.4	equiv	respect	to	Ni),	Mn	(0.6	mmol),	nBu4NBr	
(0.2	mmol),	DMF	(1.2	mL),	60	ºC,	48	h.	GC	yield	determined	using	dodecane	as	internal	standard.	
	
Scheme	2.19.	Ratio	of	Linear	and	Cyclized	products	at	different	nickel	loadings.	
	
2.3.4.2.	Catalytic	and	stoichiometric	experiments	with	Ni(0)L2	and	[Ni(I)L2]OTf	complexes	
	
Taking	into	consideration	that	Ni(I)	species	are	likely	present	in	the	catalytic	cycle,	we	turned	our	attention	to	study	
the	reactivity	of	 the	putative	Ni(0)(L2.11)2	 (2.15)	and	 [Ni(I)(L2.11)2]OTf	 (2.16)	 species,	both	of	which	could	easily	be	
prepared	from	Ni(COD)2	following	known	experimental	procedures.
60,61	As	expected,	2.15	was	found	to	be	catalytically	
competent	as	reaction	intermediate,	delivering	2.7a	in	80%	yield.	Conversely,	catalytic	amounts	of	2.16	delivered	2.7a	
in	an	identical	isolated	yield,	differing	only	slightly	from	the	yield	obtained	utilizing	the	optimized	reaction	conditions	
described	in	Scheme	2.12.	Although	tentative,	these	results	indicate	that	sequential	Mn	mediated	SET	reduction	of	an	
in-situ	 formed	 Ni(II)(L2.11)Br2	 complex,	 allow	 the	 generation	 the	 active	 Ni(0)(L2.11)2	 complex,	 through	 the	
intermediate	formation	of	a	putative	Ni(I)(L2.11)Br	or	[Ni(I)(L2.11)2]Br	species.	
	
	
Scheme	2.20.	Catalytic	experiment	with	2.15	and	2.16,	and	their	ORTEP	representations.	
	
In	order	to	shed	some	light	over	the	role	of	the	additive	(nBu4NBr),	we	carried	out	stoichiometric	experiments	with	
Ni(0)(L2.11)2	(2.15)	in	the	presence	and	absence	of	this	ammonium	bromide	salt	(Scheme	2.21).	Importantly,	2.7a	was	
obtained	in	comparable	isolated	yields	regardless	of	the	utilization	of	this	additive,	thus	confirming	it	was	not	essential	
for	the	carboxylation	of	2.6a	when	stoichiometric	2.15	 is	employed.	Although	these	experiments	do	not	completely	
rule	 out	 the	 intermediacy	 of	 a	more	 reactive	 in-situ	 generated	 alkyl	 bromide,	 the	 fact	 that	 direct	 and	 quantitative	
oxidative	 addition	of	 the	unactivated	 alkyl	 chloride	 to	 the	Ni(0)(L2.11)2	 complex	 is	 observed	at	 60	 ºC,	 suggests	 this	
additive	 has	 another	 role	 in	 the	 catalytic	 reaction.62	Indeed	 ammonium	 iodide	 and	 bromide	 additives	 have	 been	
extensively	employed	 in	 the	 reductive	couplings	of	aryl	 chlorides,47	benzyl	 chlorides,63	among	others;64	and	 in	many	
                                                
60	T.	Moragas,	M.	Gaydou,	R.		Martin,	Angew.	Chem.,	Int.	Ed.	2016,	55,	5053-5057.		
61	D.	C.	Powers,	B.	L.	Anderson,	Daniel	G.	Nocera,	J.	Am.	Chem.	Soc.	2013,	135,	18876-18883. 
62	Control	experiments	in	the	absence	of	Ni	and	reductant	revealed	that	halide	exchange	through	Filkenstein	reaction	is	negligible.	
63	M.	Iyoda,	M.	Sakaitan,	H.	Otsuka,	M.	Oda,	Chem.	Lett.	1985,	14,	127-130. 
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reductive	carboxylation	reactions.65	As	described	by	Colon	and	Kelsey	 in	a	mechanistic	study	on	the	coupling	of	aryl	
chlorides	 using	 nickel	 and	 metallic	 reductants,	 bromide	 and	 iodide	 anions	 have	 demonstrated	 to	 accelerate	 Ni-
catalyzed	reductive	couplings	through	the	formation	of	five-coordinated	anionic	nickel	intermediates.	66	These	species	
have	been	proposed	to	form	bridged	Zn	or	Mn	complexes,	facilitating	heterogeneous	SET	events.	
	
	
	
	
Scheme	2.21.	Stoichiometric	experiments	using	2.15	with	and	without	nBu4NBr.	
	
As	 expected,	 stoichiometric	 amounts	 of	 [Ni(I)(L2.11)2]OTf	 (2.16)	 also	 delivered	 2.7a	 in	 acceptable	 yield	 when	
nBu4NBr	was	used	 (Scheme	2.22).	 In	 the	 absence	of	 this	 additive	 40%	yield	of	 2.7a	was	obtained.	 Tentatively,	 this	
lower	yield	could	be	ascribed	to	the	necessity	of	having	bromide	anions	present	in	the	media,	to	enable	efficient	Mn	
mediated	 single	 electron	 reduction	 of	 the	 [Ni(I)(L2.11)2]OTf	 complex	 (2.16)	 to	 Ni(0)(	 L2.11)2	 (2.15).
66	 Tsuji	 et	 al.	
reported	a	similar	observation	in	the	Ni-catalyzed	reductive	carboxylation	or	aryl	chlorides,	where	catalytic	amount	of	
an	 ammonium	 salt,	 namely	 Et3NI,	 was	 required	 in	 order	 to	 observe	 any	 catalytic	 activity	 when	 Mn	 was	 used	 as	
reducing	agent.65	
	
	
	
Scheme	2.22.	Stoichiometric	experiments	using	2.16	with	and	without	nBu4NBr.	
	
We	 then	decided	 to	 investigate	 the	 faith	 of	2.6a	when	exposed	 to	 stoichiometric	 amounts	 of	2.15	 (x	 =	 1)	 in	 the	
absence	 of	 any	 reductant	 or	 additive	 (Scheme	 2.23).	 Surprisingly,	 full	 conversion	 of	 the	 starting	 material	 to	 an	
unknown	new	product	in	high	yield	was	observed.	This	compound	was	later	identified	to	be	a	dimeric	species	in	which	
CO2	 serves	 as	 linkage	 between	 the	 two	 alkyl	 residues	 (2.7aa).	 Importantly,	 various	 essential	 observations	 could	 be	
made	 from	 the	 formation	 of	 2.7aa.	 Firstly,	 it	 revealed	 that	 CO2	 insertion	 occurred	 at	 the	 C(sp
3)-Ni	 bond,	 as	 no	
nucleophilic	 alkyl-Mn	 species	 could	 be	 formed.	 This	 observation	 is	 noteworthy,	 as	 all	 previous	 carboxylations	 of	
unactivated	alkyl	electrophiles	required	the	presence	of	Mn,	even	with	stoichiometric	amounts	of	Ni	complexes.36,48c	
Secondly,	 contrary	 to	 what	 has	 been	 proposed	 in	 the	 literature	 for	 the	 carboxylation	 of	 alkyl-Ni	 species,36,42	 it	
suggested	 that	 direct	 CO2	 insertion	 into	 a	 C(sp
3)-Ni(II)	 bond	 was	 possible	 (Scheme	 2.23,	 path	 a).	 However,	 CO2	
                                                                                                                                                            
64	a)	M.	Zembayashi,	K.	Tamao,	J.	Yoshida,	M.	Kumada,	Tetrahedron	Lett.	1977,	18,	4089-4091.	b)	M.	Iyoda,	H.	Otsuka,	K.	Sato,	N.	Nisato,	M.	
Oda,	Bull.	Chem.	Soc.	Jpn.	1990,	63,	80-87.		
65	T.	Fujihara,	K.	Nogi,	T.	Xu,	J.	Terao,	Y.	Tsuji,	J.	Am.	Chem.	Soc.	2012,	134,	9106-9109.	
66	I.	Colon,	D.	R.	Kelsey,	J.	Org.	Chem.	1986,	51,	2627-2637.			
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insertion	into	a	C(sp3)-Ni(I)	bond	could	also	be	occurring,	based	on	the	fact	that	0.5	equivalents	of	unreacted	Ni(0)(L)2	
2.15	 could	 comproportionate	 with	 the	 in-situ	 formed	 alkyl-Ni(II)(L)Cl	 (XCIX)	 species	 to	 form	 alkyl-Ni(I)L	 (CIII)	 and	
Ni(I)(L)Cl	 (CII)	 (Scheme	2.23,	path	b).	 In	 an	 attempt	 to	 get	 some	understanding	of	which	Ni	 species	undergoes	CO2	
insertion,	an	experiment	using	0.5	equivalents	of	Ni(0)(L)2	2.15	was	conducted	(x	=	0.5).	While	these	results	are	not	
conclusive	and	await	further	investigations,	the	experimental	low	yield	and	conversion	suggest	CO2	insertion	occurs	at	
an	 Alkyl-Ni(I)L	 through	 path	 b;	 if	 path	 a	 would	 be	 occurring,	 quantitative	 oxidative	 addition	 should	 afford	 full	
conversion	of	 the	 starting	material	 and	higher	 yield	of	2.7aa	would	be	experimentally	observed.	Nevertheless,	DFT	
calculations	 or	 stoichiometric	 experiments	 with	 isolated	 an	 characterized	 Alkyl-Ni(II)(L)Cl	 or	 alkyl-Ni(I)L	 complexes,	
should	give	a	stronger	evidence	of	the	actual	mechanistic	pathway.		
	
	
Scheme	2.23.	Stoichiometric	experiments	using	2.15	without	Mn	or	nBu4NBr.	
	
Finally	a	stoichiometric	experiment	with	2.16	in	the	absence	of	Mn	or	nBu4NBr	revealed	that	some	conversion	of	the	
starting	 material	 was	 observed	 (Scheme	 2.24).	 Nocera	 described	 that	 the	 related	 Ni-complex	
[Ni(I)(bathocuproine)2]OTf	 disproportionates	 upon	 treatment	 with	 nBu4NCl	 in	 THF	 to	 form	 Ni(0)(L)2	 and	 Ni(II)(L)Cl2	
complexes,	 with	 concurrent	 liberation	 of	 0.5	 equivalents	 of	 bathocuproine	 (L2.18).61	 Although	 tentatively,	 2.16	
disproportionation	 should	 generate	 sufficient	 amount	 of	2.15	 complex	 to	 enable	 partial	 oxidative	 addition	 of	2.6a,	
while	disfavoring	the	subsequent	comproportionation,	given	the	low	amounts	of	Ni(0)(L)2	(2.16)	is	generated.	
	
	
Scheme	2.24.	Stoichiometric	experiments	using	2.16	without	Mn	or	nBu4NBr.	
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2.3.4.3.	Cyclic	voltammetry	of	Ni(0)L2	and	[Ni(I)L2]OTf	complexes	
	
Having	in	hand	2.15	and	2.16	complexes	and	knowing	that	SET	processes,	along	with	Ni(I)	species	are	involved	in	the	
catalytic	cycle,	we	decided	to	measure	the	cyclic	voltammetry	(CV)	of	these	complexes.	Although	Ni(0)(L2.11)2	(2.15)	
was	 found	 to	 be	 insoluble	 in	 DMF	 and	 therefore	 the	 measured	 CV	 showed	 very	 low	 intensities,	 the	 CV	 of	 [Ni(I)	
(L2.11)2]OTf	was	clean	and	two	reversible	redox	couples	could	be	measured.
67	After	some	research	on	related	Ni(II)	
and	 Ni(I)	 complexes	 having	 ortho-substituted	 phenanthroline	 ligands	 we	 concluded	 that	 the	 measured	 potential	
corresponded	to	the	Ni(II)/Ni(I)	 (Eº	=	-	0.28	V	vs	Ag/AgCl)	and	the	Ni(I)/Ni(0)	(Eº	=	-1.10	V	vs	Ag/AgCl)	redox	couples	
(Scheme	2.25).68		
	
	
The	redox	potentials	(Eº)	are	given	against	Fc+/Fc	couple	for	comparison.	a	rt,	DMF,	nBu4NPF6	(0.1	M),	V	vs.	Ag/AgCl(aq)	reference	
electrode,	 for	Fc+/Fc	Eº =	0.641V.	 b	 rt,	CH2Cl2,	nBu4NClO4	 (0.1	M),	V	vs.	Ag/Ag3I4-	 (Pt	wire)	 reference	electrode,	 for	Fc+/Fc	Eº =	
0.655V.	
	
Scheme	2.25.	Eº	(Ni(II)/Ni(I))	and	Eº	(Ni(I)/Ni(0))	for	2.16	and	related	phenanthroline	Ni(II)	complexes.	
	
Interestingly,	the	electrochemical	behavior	of	2.16	and	the	related	complexes	is	strikingly	different	from	that	of	bipy	
nickel(II).	 In	 the	 case	 of	 bipy	 ligands	 without	 ortho-substitution,	 electrochemical	 reduction	 of	 Ni(II)(bipy)3
2+	 leads	
directly	to	Ni(0)(bipy)3	in	a	two-electron	process	(E1/2	=	-1.3	V).
69	However,	as	initially	described	by	Sauvage	in	2.18	and	
catenane	2.19,	these	complexes	have	an	unusually	low	redox	potential	for	the	Ni(II)/Ni(I)	redox	couple	(Eº	=	0.105	V	vs	
Ag/Ag3I4-).	The	low	redox	potential	 is	attributed	to	the	non-negligible	effect	of	the	ortho-substituted	phenanthroline	
ligand	(Scheme	2.26).	Such	ligands	strongly	disfavor	the	typical	square	planar	(D4h)	coordination	of	nickel	d
8	complexes	
due	to	the	steric	clash	of	the	ortho-substituents	in	this	geometry,	favoring	tetrahedral	(Td)	coordination.	The	resulting	
d8	complex	will	be	higher	 in	energy	as	compared	to	an	hypothetical	square	planar	Ni(II)	complex	as	the	t2	 levels	are	
occupied.	 Therefore,	 addition	 of	 1e-	 to	 the	 d8	metal	 in	 Td	 coordination	 does	 not	 imply	 such	 a	 dramatic	 change	 in	
energy	as	in	D4h	coordination,	where	the	addition	of	1e
-	would	go	to	the	high	high-lying	antibonding	orbital	dx2-y2.	The	
overall	effect	of	these	factors	is	to	reduce	the	required	potential	to	access	tetrahedral	nickel(I)	complexes	and	stabilize	
these	 species.	 By	 analogy	 it	 could	 be	 hypothesized	 that	 the	 reduction	 potential	 required	 to	 access	 alkyl-Ni(I)	
complexes	bearing	ortho-substituted	phenanthroline	ligands,	should	also	be	low.	
	
                                                
67	See	the	experimental	section.	
68		 a)	 C.O.	 Dietrich-Buchecker,	 J.	 Guilhem,	 J-M.	 Kern,	 C.	 Pascard,	 J-P.	 Sauvage,	 Inorg.	 Chem.	 1994,	 33,	 3498-3502.	 b)	 	 C.O.	 Dietrich-
Buchecker,	 J-M.	Kern,	 J-P.	Sauvage,	J.	Chem.	Soc.	Chem.	Commun,	1985,	760-762.	c)	C.O.	Dietrich-Buchecker,	 J-P.	Sauvage,	J.	Am.	Chem.	
Soc.	1989,	111,	7791-7800.	d)	Md.	A.	Masood,	D.	J.	Hodgson,	Inorg.	Chimi.	Acta,	1994,	221,	99-108.	
69	B.	J.	Henne,	D.	E.	Bartak,	Inorg.	Chem.	1984,	23,	369. 
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Scheme	2.26.	Explanation	for	the	low	Eº as	a	consequence	of	the	geometry	imposed	by	the	ortho-substituted	ligands.		
	
2.3.5.	Proposed	reaction	mechanism		
	
Although	we	 cannot	 rule	 out	 other	 conceivable	 pathways,	 at	 present	we	 propose	 the	 catalytic	 cycle	 depicted	 in	
Scheme	 2.27.	 Based	 on	 the	 catalytic	 and	 stoichiometric	 experiments	 with	 complexes	 2.15	 and	 2.16	 and	 their	
respective	cyclic	voltammogram,	an	in-situ	formed	Ni(II)	species,	presumably	Ni(II)(L)Br2	,	is	reduced	to	form	a	Ni(0)Ln	
(CV)	via	two	consecutive	SET	from	Mn,	through	the	intermediate	formation	of	a	Ni(I)	species.	Oxidative	addition	via	
SET	 from	CV	 to	 the	unactivated	 alkyl	 chloride	 give	 raise	 to	 a	primary	 alkyl	 radical	 and	a	Ni(I)-Cl	 species	 (CII)	which	
recombine	 rapidly	 to	 form	 alkyl-Ni(II)-Cl	 species	 XCIX.	 Accordingly	 to	 the	 stoichiometric	 and	 substoichiometric	
experiments	 obtained	 in	 Scheme	 2.20-2.24,	 and	 based	 on	 the	 known	 reactivity	 of	 Ni(I)	 complexes	 towards	 CO2	
insertion, 70 	we	 propose	 Ni(II)/Ni(0)	 comproportionation	 enables	 the	 formation	 of	 alkyl-Ni(I)	 species	 CIII	 with	
concomitant	generation	of	a	Ni(I)-Cl	species	(CII)	that	regenerates	Ni(0)	upon	Mn	mediated	reduction.	However,	in	the	
catalytic	 reaction,	 one	 could	 envision	 CIII	 could	 also	 be	 generated	 via	 direct	Mn	mediated	 SET	 reduction	 of	XCIX,	
leaving	some	doubts	about	which	pathway	is	actually	operating	under	catalytic	conditions.	Subsequent	CO2	insertion	
into	the	C(sp3)-Ni	bond	of	CIII,	enabled	by	prior	CO2	coordination	to	the	Ni	center,	gives	rise	to	Ni(I)-carboxylate	CIV.	
Final	 reductive	 transmetalation	 with	 Mn	 generates	 Mn-carboxylate	 CVI	 and	 regenerates	 Ni(0)	 species	 CV.	 Finally,	
quenching	of	CVI	with	a	proton	source	affords	the	final	carboxylic	acid.		
	
                                                
70	Ni(I)	species	have	shown	to	rapidly	react	with	CO2:	a)	F.	S.	Menges,	S.	M.	Craig,	N.	Tötsch,	A.	Bloomfield,	S.	Ghosh,	H.−J.	Krüger,	M.	A.	
Johnson,	Angew.	Chem.,	Int.	Ed.	2016,	55,	1282-1285.	b)	J.	B.	Diccianni,	C.	T.	Hu,	T.	Diao,	Angew.	Chem.,	Int.	Ed.	2019,	58,	13865-13868.	c)	
M.	M.	Beromi,	G.	Banerjee,	G.	W.	Brudvig,	N.	Hazari,	B.	Q.	Mercado,	ACS	Catal.	2018,	8,	2526-2533.	
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Scheme	2.27.	Proposed	reaction	mechanism	via	Ni(II)/Ni(I)/Ni(0)	species.	
	
Although	we	could	not	completely	discard	the	possibility	of	CO2	insertion	occurring	at	a	Ni(II)	intermediate,	current	
efforts	 in	 our	 group	 are	 aimed	 towards	 elucidating	 which	 pathway	 is	 operating.	 However,	 isolation	 and	
characterization	 of	 these	 alkyl-Ni(II)	 and	 alkyl-Ni(I)	 oxidative	 addition	 complexes	with	 bipyridine	 or	 phenanthroline	
ligands	has	proven	to	be	particularly	challenging	as	these	species	tend	to	undergo	multiple	decomposition	pathways.	
As	an	example,	Yamamoto	and	co-workers	described	the	synthesis	and	characterization	of	a	Ni(Et)(X)(bipy)	complex,	
however	 this	 complex	 disproportionated	 in	 solution. 71 	Weix	 explored	 the	 synthesis	 and	 in	 situ	 use	 of	
Ni(II)(C8H17)(dtbpy)	 oxidative	 addition	 complex,	 however	 isolation	 was	 not	 attempted	 due	 to	 its	 high	 instability.
	 57	
Moreover,	as	we	have	regularly	observed	 in	our	carboxylation	and	amidation	chemistry	the	 inclusion	of	alkyl	ortho-
substituents	 changes	 the	 reactivity	 of	 these	 Ni-complexes	 by	 inducing	 unusual	 coordination	 geometries.	 Indeed,	
several	X-ray	structure	show	that	the	use	of	ortho-substituted	phenanthroline61	or	bipyridine59 ligands	in	Ni(II)(L)(X)2	
complexes	 induces	 tetrahedral	 coordination	 around	 the	 metal	 center,	 although	 a	 square-planar	 geometry	 would	
normally	be	expected.	The	utilization	of	these	ligands	could	possibly	be	an	added	challenge	towards	the	isolation	of	
stable	 alkyl-Ni(II)	 or	 alkyl-Ni(I)	 oxidative	 addition	 complexes.	All	 these	 results	 are	 in	 contrast	with	 the	high	 stability	
observed	in	aryl-Ni(II)(L)X	oxidative	addition	complexes	bearing	bipyridine-	or	phenanthroline-type	ligands.57,72	
	
2.4.	Nickel-Catalyzed	Carboxylation	of	Secondary	and	Tertiary	Unactivated	Alkyl	Chlorides	with	CO2	
	
2.4.1.	Optimization	of	the	reaction	conditions	
	
With	the	aim	of	fully	exploiting	the	potential	of	the	transformation	we	had	developed,	in	an	attempt	to	expand	its	
scope	 beyond	 the	 synthesis	 of	 primary	 carboxylic	 acids,	 we	 decided	 to	 investigate	 whether	 secondary	 or	 tertiary	
unactivated	alkyl	chlorides	could	also	undergo	carboxylation	with	CO2.	After	revisiting	some	of	the	initially	developed	
conditions	for	the	carboxylation	of	primary	alkyl	chlorides,	we	realized	that	by	using	LiCl	at	high	temperatures	(90	ºC)	
2.21a	could	be	afforded	in	very	low	yield	and	modest	conversion	of	2.20a	(Table	2.6,	entry	1).	In	line	with	our	previous	
results,	we	quickly	realized	that	β-hydride	elimination	of	the	initially	formed	alkyl-Ni(II)	species	to	form	internal	alkene	
(2.22)	 was	 a	 competing	 and	 favored	 side	 reaction	 (entries	 2-5).	 Nevertheless,	 given	 our	 previous	 success	 in	 the	
                                                
. 71	T.	Yamamoto,	T.	Kohara,	A.	Yamamoto,	Bull.	Chem.	Soc.	Jpn.	1981,	54,	2010–2016.	
72B.	J.	Shields,	B.	Kudisch,	G.	D.	Scholes,	A.	G.	Doyle,	J.	Am.	Chem.	Soc.	2018,	140,	3035-3039. 
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carboxylation	 of	 primary	 alkyl	 chlorides	 through	 the	 employment	 1,10-phenanthroline	 ligands	 with	 alkyl	 para-
substituents,	 we	 decided	 to	 investigate	 whether	 the	 fine-tuning	 of	 these	 substituents	 could	 help	 stabilizing	 the	
putative	secondary	alkyl-Ni	intermediates	or	increase	their	reactivity	towards	CO2	insertion	(entries	6-10).	Indeed	the	
employment	 of	 L2.11	 resulted	 in	 a	 dramatic	 boost	 in	 both	 yield	 and	 conversion,	 affording	 the	 desired	 secondary	
carboxylic	 acid	 in	 a	 52%	 GC-yield	 (entry	 8).	 Notably,	 the	 inclusion	 of	 two	more	 methyl	 substituents	 at	 the	meta-
position	(L2.12)	allowed	us	to	afford	a	63%	isolated	yield	with	diminished	formation	of	alkene	2.22	(entry	9).	Finally	by	
simply	using	NiBr2diglyme	a	74%	 isolated	yield	of	2.21a	was	obtained,	with	 full	 conversion	of	 the	 starting	material	
(entry	 10).	 These	 results	 demonstrate	 that	 seemingly	 innocent	 changes	on	 the	 ligand	backbone	 could	have	 a	 huge	
impact	on	the	catalytic	activity	by	carefully	modulating	the	reactivity	of	critical	reaction	intermediates.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Reaction	conditions:	2.20a	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·glyme	 (10	mol%),	neocuproine	 L2.6	 (24	mol%),	Mn	 (0.6	
mmol),	LiCl	 (0.2	mmol),	DMF	(0.5	mL),	90	 ºC,	12	h.	 a	GC	conversion	and	yield	determined	using	anisole	as	 internal	
standard.	β-hydride	elimination	of	the	alkyl	chloride	to	form	cyclohexene	accounts	for	the	mass	balance	as	the	major	
side	products.	b	Isolated	yield.	
	
Table	2.6.	Secondary	alkyl	chlorides:	deviation	from	standard	conditions.	
	
2.4.2.	Preparative	substrate	scope	
	
With	the	newly	developed	conditions	in	hand,	we	decided	to	focus	on	the	scope	of	alkyl	secondary	carboxylic	acids	
that	could	be	synthetized.	As	the	functional	group	tolerance	of	this	reductive	carboxylation	had	already	been	explored	
in	 the	carboxylation	of	primary	chlorides,	we	decided	 to	 focus	mainly	on	 the	 structural	 variations	of	 the	 secondary	
alkyl	chlorides	(Scheme	2.28).	Indeed	the	carboxylation	of	larger	cyclic	alkyl	chlorides	than	2.20a	was	within	reach	by	
employing	a	slightly	lower	reaction	temperature	(2.21a).	In	a	similar	fashion,	more	sterically	hindered	alkyl	chloride	as	
(-)-menthyl	 chloride	 (2.21c)	 also	 underwent	 carboxylation	 even	 at	 lower	 reaction	 temperatures,	 suggesting	
temperature	control	might	be	critical	in	future	applications	of	this	methodology.	Interestingly,	2.21c	was	obtained	as	a	
single	diastereoisomer,	as	univocally	shown	by	X-ray	crystallography.	This	result	shows	that	although	Ni(0)	oxidative	
addition	 through	 SET	 would	 normally	 lead	 to	 a	 diastereomeric	 mixture	 of	 the	 products,	 a	 highly	 favored	
recombination	of	the	Ni(I)	species	with	the	less	sterically	hindered	secondary	alkyl	radical	could	lead	to	the	formation	
of	diastereomerically	pure	products.	Finally,	after	further	optimization	of	reaction	conditions,	we	discovered	that	the	
preparation	of	tertiary	alkyl	carboxylic	acid	2.21d	was	possible	by	using	two	equivalents	of	nBu4NBr	as	additive	and	Zn	
as	reducing	agent.	Albeit	a	lower	yield	was	obtained,	this	constitutes	a	rare	example	of	cross-electrophile	coupling	of	
NiBr2·glyme (10 mol%)
neocuproine, L2.6 (24 mol%)
Mn (3.0 equiv), LiCl (1.0 equiv)
DMF (0.4 M), 90 ºC, 12h
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CO2 (1 atm)+
2.21a 2.22
+
Cl CO2H N N
MeMe L2.6
Entry	 Deviation	from	standard	conditions	 Conv	(%)
a	 Yield	2.21a	(%)a	 2.22	(%)a	
1	 none	 21	 3	 6	
2	 2	eq	of	LiCl	 57	 5	 31	
3	 1.0	M	instead	of	0.4	M	 85	 4	 74	
4	 110	ºC	instead	of	90 ºC	 91	 0	 89	
5	 nBu4NBr	instead	of	LiCl	 58	 0	 52	
6	 L2.13	instead	of	L2.6	 95	 5	 90	
7	 L2.15	instead	of		L2.6	 53	 7	 26	
8	 L2.11	instead	of		L2.6	 90	 52	 42	
9	 L2.12	instead	of		L2.6	 90	 70	(63)b	 20	
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100	 80	(74)b	 14	
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an	unactivated	 tertiary	 alkyl	 chloride,73	demonstrating	 the	potential	 of	 our	 catalytic	 carboxylation.	At	 the	 time	 that	
these	 results	were	achieved,	 very	 few	 reductive	 couplings	employing	 tertiary	alkyl	halides	were	known,74	and	none	
with	tertiary	alkyl	chlorides.	Since	then,	some	progress	has	been	observed	in	the	formation	of	all-carbon	quaternary	
centers	using	nickel	reductive	cross-couplings.59,75		
	
	
	
Reaction	conditions:	2.20a-d	(0.2	mmol),	CO2	(1	atm),	NiBr2·diglyme	(10	mol%),	L2.12	(24	mol%),	Mn	(1.2	
mmol),	 LiCl	 (0.2	mmol),	DMF	 (0.5	mL),	90	 ºC,	12	h.	 Isolated	yields,	average	of	at	 least	 two	 independent	
runs.	a	At	70	ºC.	b	At	50	ºC.	c	Using	Zn	(3.0	equiv)	and	nBu4NBr	(2.0	equiv)	in	DMA	at	80	ºC.	
 
Scheme	2.28.	Scope	of	the	carboxylation	of	unactivated	secondary	and	tertiary	alkyl	chlorides.	
	
Unfortunately,	when	 studying	 the	 carboxylation	of	 secondary	 cyclic	 alkyl	 chlorides	with	different	 substitutions	on	
the	 ring	 or	 non-cyclic	 secondary	 alkyl	 chlorides,	 regioisomeric	mixtures	 of	 carboxylic	 acids	were	 obtained	 (Scheme	
2.29).	 At	 this	 time,	 these	 results	were	 not	 surprising	 as	 the	 corresponding	 secondary	 alkyl	 bromides	were	 already	
known	 to	 allow	Ni	 ”chain-walking”	 along	 the	 alkyl	 chain	 enabling	 the	 formal	 carboxylation	 of	 a	 primary	 C(sp3)-H.76	
Interestingly	however,	secondary	alkyl	chlorides	afforded	mixtures	of	retained	and	migrated	carboxylic	acids,	whereas	
the	 corresponding	 secondary	 alkyl	 bromides	 only	 afforded	 migrated	 primary	 carboxylic	 acids.	 One	 plausible	
explanation	for	this	outcome	is	that	the	higher	binding	affinity	of	the	chloride	anion	to	the	nickel	center,	as	compared	
to	 the	 bromide	 anion.	 This	 higher	 binding	 affinity	 disfavors	 the	 formation	 Ni(II)	 cationic	 complexes	 through	 anion	
dissociation,	 thus	 slowing	 down	 nickel	 migration	 through	 consecutive	 β-hydride-elimination/hydro-nickelation	
sequences.	 While	 these	 results	 await	 further	 investigations,	 they	 suggest	 that	 a	 more	 general	 carboxylation	 of	
secondary	alkyl	chlorides	in	which	Ni	”retention”	or	Ni	”chain-walking”	could	be	modulated	at	will	is	conceivable.	
	
                                                
73	Noncaged	tertiary	alkyl	chlorides	provided	traces	of	carboxylation	products.	
74	a)	K.	Kurita,	T.	Matsumura,	Y.	Iwakura,	J.	Org.	Chem.	1976,	41,	2070-2071.		b)	S.	T.	Sigurdsson,	B.	Seeger,	U.	Kutzke,	F.	Eckstein,		J.	Org.	
Chem.	1996,	61,	3883-3884.	c)	X.	Wang,	S.	Wang,	W.	Xue,	H.	Gong,	J.	Am.	Chem.	Soc.	2015,	137,	11562-11565.	
75	a)	H.	Chen,	X.	 Jia,	Y.	Yu,	Q.	Qian,	H.	Gong,	Angew.	Chem.	 Int.	Ed.	2017,	56,	13103-13106.	b)	X.	Lu,	et	al.	 J.	Am.	Chem.	Soc.	2017,	139,	
12632-12637.	c)	X.	Wang,	G.	Ma,	Y.	Peng,	C.	E.	Pitsch,	B.	J.	Moll,	T.	D.	Ly,	X.	Wang,	H.	Gong,	J.	Am.	Chem.	Soc.	2018,	140,	14490-14497.	
76	F.	Julia-Hernandez,	T.	Moragas,	J.	Cornella,	R.	Martin,	Nature,	2017,	545,	84-88.			
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Scheme	2.29.	Unsuccessful	substrates	for	the	carboxylation	of	secondary	alkyl	chlorides.	
	
2.5.	Nickel-Catalyzed	Cyclization/Carboxylation	of	Unactivated	Alkyl	Chlorides	with	CO2		
	
The	developed	carboxylation	of	primary	and	secondary/tertiary	unactivated	alkyl	chlorides	represented	a	new	and	
attractive	 synthetic	 disconnection	 for	 the	 synthesis	 of	 alkyl	 carboxylic	 acids	 from	 feedstock	 materials	 as	 CO2	 and	
chloroalkanes.	 However,	 these	 transformations	 are	 restricted	 to	 the	 functionalization	 of	 the	 initial	 reaction	 site	
(Scheme	2.30,	 left).	 	 Taking	 into	consideration	 that	 in	 these	 transformations	oxidative	addition	 takes	place	via	non-
classical	SET,	we	wondered	whether	our	conditions	could	trigger	a	cascade	reaction	via	5-exo-dig	cyclization	to	allow	
multiple	 C-C	 bond	 formations	 while	 achieving	 the	 functionalization	 of	 a	 distal	 position	 (Scheme	 2.30,	 right).	 If	
successful,	 such	protocol	would	allow	us	 to	 rapidly	access	 carboxylated	carbocyclic	 skeletons	with	higher	molecular	
complexity,	 from	 simple	 alkyl	 chlorides	 containing	 an	 alkyne	motif	 (2.23).	 Inspired	 by	 the	work	 of	 Cook	 on	 Suzuki-
Miyaura	 cross-coupling	 reaction,77	and	 our	 own	 work	 on	 the	 cyclization/carboxylation	 of	 the	 more	 activated	 alkyl	
bromides,49	we	started	investigating	whether	this	transformation	was	feasible.		
	
	
	
Scheme	2.30.	Carboxylation	at	the	initial	reaction	site	vs	carboxylation	at	a	distal	position.	
	
2.5.1.	Optimization	of	the	reaction	conditions	(primary	alkyl	chlorides)	
	
We	 began	 our	 investigation	 by	 studying	 the	 effect	 of	 multiple	 1,10-phenanthroline	 ligands	 with	 different	
substitution	pattern	on	the	para-	and	ortho-positions;	under	otherwise	identical	conditions	to	the	ones	developed	for	
the	carboxylation	of	alkyl	chlorides	(Table	2.7).	As	it	could	be	anticipated,	by	using	ligands	with	alkyl	substitution	on	
the	ortho-position	promising	yields	of	2.24d	could	be	obtained.	The	formation	of	reduced	product	2.25,	presumably	
arising	 from	protodemetalation	of	vinyl	nickel	 species,	was	also	observed.	More	 surprisingly,	we	could	also	 identify	
variable	amounts	of	product	2.26,	known	to	be	formed	through	a	Ni-catalyzed	double	carboxylation	of	the	alkyne.78	
The	 fact	 that	 we	 could	 observe	 its	 formation,	 suggests	 that	 this	 process	 starts	 competing	 with	 the	 carboxylation	
reaction	at	the	temperatures	required	to	effect	oxidative	addition	of	the	C(sp3)-Cl	bond.	Similarly	to	what	our	group	
observed	 in	 the	 cyclization/carboxylation	 of	 alkyl	 bromides,	we	 quickly	 realized	 that	 having	 a	 phenyl	 group	 on	 the	
para-position	 of	 the	 phenanthroline	 ligand	 (L2.18)	 gave	 the	 best	 ratio	 between	 carboxylated	 (2.24d)	 and	 reduced	
product	 (2.25),	 suggesting	 once	 again,	 that	 fine-tuning	 of	 the	 ligand	 electronic	 properties	 is	 essential.	 As	 we	 had	
                                                
77	B.	M.	Monks,	S.	P.	Cook,	J.	Am.	Chem.	Soc.,	2012,	134,	15297-15300.	
78	T.	Fujihara,	Y.	Horimoto,	T.	Mizoe,	F.	B.	Sayyed,	Y.	Tani,	J.	Terao,	S.	Sakaki,	S.	Tsuji,	Org.	Lett.,	2014,	16,	4960.	
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previously	observed,	increasing	the	length	of	the	alkyl	ortho-substituents	by	employing	L2.13	also	influenced	the	yield	
of	the	reaction,	affording	the	cyclized	carboxylated	product	in	a	promising	67%	yield.	
	
	
	
Reaction	conditions:	2.23d	(0.2	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	L2.6	–	L2.18	(24	mol%),	Mn	(0.6	mmol),	nBu4NBr	(0.2	mmol),	
DMF	(1.2	mL),	60	ºC,	16	h.	a	HPLC	conversion	and	yield	determined	using	anisole	as	internal	standard.	Reduction	of	the	vinyl	intermediate	
to	form	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	products.		
	
Table	2.7.	Cyclization/carboxylation	of	primary	alkyl	chlorides:	screening	of	ligands.	
	
Fine-tuning	 of	 other	 reaction	 parameters	 such	 as	 concentration	 and	 reaction	 time,	 allowed	 us	 to	 reach	 an	 80%	
isolated	 yield	 of	 2.24d	 (Table	 2.8,	 entry	 1).	 	 Deviations	 from	 these	 optimized	 conditions	 by	 using	 other	 solvents	
(entries	 3-4),	 temperatures	 (entry	 5)	 or	 nickel	 sources	 (entries	 6-7)	 afforded	 lower	 yields	 and	 conversions	 to	 the	
desired	product	2.24d.	Contrary	to	what	we	observed	 in	the	carboxylation	of	primary	and	secondary	alkyl	chlorides	
(vide	supra),	the	catalyst	loading	could	be	decreased	to	remarkably	low	levels,	not	having	an	important	impact	on	the	
yield	or	conversion	of	the	reaction	(entries	1-2).	These	results	seem	to	indicate	that	the	developed	transformation	is	
more	 efficient	 and	 robust	 than	 our	 previous	 carboxylations.	 Although	 a	 better	 understanding	 of	 this	 result	 would	
require	 further	 investigations,	 one	 possible	 explanation	 could	 be	 that	 these	 substrates	 undergo	 directed	 C(sp3)-Cl	
oxidative	addition	due	to	alkyne-Ni	coordination,	as	full	conversion	was	achieved	at	shorter	reaction	times.		
	
	
Reaction	conditions:	2.23d	(0.2	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	L2.13	(24	mol%),	Mn	(0.6	mmol),	nBu4NBr	(0.2	mmol),	DMF	
(1.2	mL),	60	ºC,	16	h.	a	HPLC	conversion	and	yield	determined	using	anisole	as	internal	standard.	Reduction	of	the	vinyl	intermediate	to	
form	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	products.	b	Isolated	yield.	
	
Table	2.8.	Cyclization/carboxylation	of	primary	alkyl	chlorides:	deviation	from	standard	conditions.	
OMe
Cl
HO2C
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NiBr2·glyme (10 mol%)
L2.6-L2.18 (24 mol%), CO2 (1 atm)
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Entry	 Deviation	from	standard	conditions	 Conv	(%)a	 Yield	2.24d	(%)a	 2.25	(%)a	
1	 none	 100	 83	(80)b	 7	
2	 Ni	(1	mol%),	L2.13	(2.4	mol%)		 97	 66	 8	
3	 NMP	instead	of	DMF	 100	 60	 11	
4	 DMA	instead	of	DMF	 97	 56	 8	
5	 rt	instead	of	60	ºC	 13	 0	 9	
6	 Ni(COD)2	instead	of	NiBr2·glyme	 90	 52	 14	
7	 NiCl2	instead	of	NiBr2·glyme	 45	 8	 32	
8	 In	the	absence	of	nBu4NBr	 48	 16	 15	
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2.5.2.	Preparative	substrate	scope	(primary	alkyl	chlorides)	
	
With	 this	 optimized	 conditions	 in	 hand,	 the	 scope	 of	 the	 transformation	 was	 studied	 by	 evaluating	 a	 host	 of	
unactivated	primary	alkyl	chlorides	containing	a	pending	alkyne	(Scheme	2.31).	A	substrate	with	alkyl	substitution	on	
the	 alkyne	was	well	 accommodated	 (2.24b),	whereas	 having	 a	 free	 alkyne	 resulted	on	 slightly	 diminished	 yields	 of	
product	 (2.24a);	 this	 result	 is	 certainly	 noteworthy,	 considering	 the	 proclivity	 of	 terminal	 alkynes	 to	 react	 via	
competitive	 trimerization	pathways.79	Importantly,	when	scaling	up	of	 the	 reaction	 to	3.0	mmol	by	using	2.24c,	 the	
yield	remained	unaltered,	suggesting	that	a	further	 increase	 in	the	scale	could	be	viable.	Although	the	scope	of	this	
cyclization/carboxylation	could	have	been	studied	in	more	detail,	our	basic	objective	of	demonstrating	the	viability	of	
this	concept	with	primary	alkyl	chlorides	had	been	fulfilled.		
	
	
	
Reaction	 conditions:	2.23a-d	 (0.4	mmol),	 CO2	 (1	 atm),	NiBr2·glyme	 (3	mol%),	L2.13	 (7.2	mol%),	Mn	 (1.2	
mmol),	 nBu4NBr	 (0.4	 mmol),	 DMF	 (1.6	 mL),	 60	 ºC,	 24	 h.	 Isolated	 yields,	 average	 of	 at	 least	 two	
independent	runs.	aAt	3.0	mmol	scale.	
	
Scheme	2.31.	Scope	of	the	cyclization/carboxylation	of	primary	alkyl	chlorides.	
	
2.5.3.	Optimization	of	the	reaction	conditions		(secondary	alkyl	chlorides)	
	
Having	demonstrated	 that	primary	unactivated	alkyl	 chlorides	 could	engage	 in	 reductive	 cyclization/carboxylation	
events	by	means	of	Ni-catalysis,	we	decided	to	investigate	whether	their	secondary	analogues	would	also	be	suitable	
electrophiles	in	this	process.	This	was	indeed	the	case,	affording	a	mixture	of	E	(2.28b)	and	Z	(2.28b’)	carboxylic	acids	
(Table	 2.9).	While	 2.24d	 would	 be	 the	 expected	 product	 from	 a	 syn-carbometalation,80	the	major	 product	 (2.28b)	
seems	to	be	derived	from	a	rather	elusive	anti-carbometalation	event.81	In	agreement	with	the	previous	results	on	the	
carboxylation	of	secondary	alkyl	chlorides	(vide	supra),	the	temperature	had	to	be	raised	to	90	ºC	in	order	to	observe	
full	 conversion	 of	 the	 starting	material.	 Likewise,	 a	 screening	 of	ortho-substituted	 phenanthroline	 ligands	 revealed	
once	again	that	highly	alkyl	substituted	L2.12	afforded	the	highest	yield	of	2.28b+2.28b’.	While	the	length	of	the	alkyl	
ortho-substituents	did	not	seem	to	have	an	important	effect	on	the	overall	yield	(L2.6	vs	L2.10,	L2.18	vs	L2.13),	ligands	
with	 bulkier	 substituents	 had	 a	 negative	 effect	 by	 presumably	 inhibiting	 efficient	 coordination	 to	 the	metal	 center	
(L2.19-L2.21).	A	final	optimization	with	L2.12	revealed	that	the	catalyst	 loading	could	be	decreased	to	3	mol%	if	the	
temperature	was	decreased	to	70	ºC.	Although	a	slightly	diminished	yield	was	obtained	(48%	vs	60%),	the	selectivity	
of	the	reaction	improved	from	3.6:1	to	2.3:1.	
	
                                                
79	a)	B.R.	Galan,	T.	Rovis,	Angew.	Chem.	Int.	Ed.	2009,	48,	2830.	b)	V.	Gandon,	C.	Aubert,	M.	Malacaria.	Chem.	Commun.	2006,	2209.	
80	a)	J.	F.	Hartwig.	Organotransition	Metal	Chemistry:	From	Bonding	to	Catalysis;	University	Science	Books:	Mill	Valley,	CA,	2010;	p	379.	b)	I.	
Marek,	Y.	Minko.	In	Metal-Catalyzed	Cross-Coupling	Reactions	and	More.	c)	A.	de	Meijere,	S.	Brase,	M.	Oestreich.	Wiley-WHC:	Weinheim,	
Germany,	2014;	Chapter	10,	pp	763-874.	
81	Selected	anti-carbometalation	reactions:	a)	C.	Fressigné,	A.	L.	Girard,	M.	Durandetti,	J.	Maddaluno,	Angew.	Chem.	Int.	Ed.	2008,	47,	891-
893.	b)	S.	Simaan,	I.	Marek,	Org.	Lett.	2007,	9,	2569-2571.	c)	S.	Ma,	E.	I.	Negishi.	Org.	Chem.	1997,	62,	784-785.	d)	Z.	Lu,	S.	Ma.	J.	Org.	Chem.	
2006,	71,	2655-2660. 
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Reaction	conditions:	2.27b	(0.2	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	L2.6	–	L2.21	(24	mol%),	Mn	(0.6	mmol),	nBu4NBr	(0.2	mmol),	
DMF	(1.2	mL),	90	ºC,	24	h.	a	HPLC	conversion	and	yield	determined	using	anisole	as	internal	standard.	Reduction	of	the	vinyl	intermediate	
to	form	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	products.	 b	NiBr2·glyme	(3	mol%),	L2.12	 (7.2	mol%),	
DMF	(0.8	mL),	70	ºC,	24	h	c	Isolated	yield.	
	
Table	2.9.	Cyclization/carboxylation	of	secondary	alkyl	chlorides:	screening	of	ligands.	
	
2.5.4.	Preparative	substrate	scope	(secondary	alkyl	chlorides)	
	
Having	these	two	sets	of	conditions	 in	hand,	a	part	of	 the	scope	of	 this	 transformation	was	studied	by	evaluating	
substrates	with	different	substitution	at	R2	(Scheme	2.32).	Although	bulkier	substituents	resulted	in	higher	selectivity	
towards	the	anti	product,	a	lower	overall	yield	of	carboxylic	acid	was	obtained	(2.28c+2.28c’).	Likewise,	the	opposite	
effect	was	observed	when	a	substrate	with	 less	bulky	methyl	 substitution	was	employed	 (2.28a+2.28a’).	 It	 is	worth	
mentioning	 that	 carrying	 out	 the	 reaction	 at	 90	 ºC	 resulted	 in	 almost	 quantitative	 suppression	 of	 the	 double	
carboxylation	product	2.26.78	This	result	seems	to	suggests	that	by	increasing	the	rate	of	C(sp3)-Cl	oxidative	addition	
to	the	Ni(0)	species,	this	competing	side	reaction	can	be	efficiently	diminished.		
	
	
	
Reaction	 conditions:	2.27a-c	 (0.4	mmol),	 CO2	 (1	 atm),	NiBr2·glyme	 (3	mol%),	 L2.12	 (7.2	mol%),	Mn	 (1.2	mmol),	
nBu4NBr	 (0.4	mmol),	 DMF	 (1.6	mL),	 70	 ºC,	 24	 h.	 h.	 Isolated	 yields,	 average	 of	 at	 least	 two	 independent	 runs.	a	
NiBr2·glyme	(10	mol%),	L2.12	(24	mol%),	DMF	(2.4	mL),	90	ºC,	12	h.	
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Scheme	2.32.	Scope	of	the	cyclization/carboxylation	of	secondary	alkyl	chlorides. 
 
2.6.	Conclusions	
	
In	 this	 chapter	 we	 have	 summarized	 the	 efforts	 towards	 the	 development	 of	 a	 Ni-catalyzed	 carboxylation	 of	
unactivated	 alkyl	 chlorides	 with	 CO2.
82	Through	 the	 optimization	 of	 the	 reaction	 conditions	 we	 discovered	 the	
feasibility	of	this	process	by	employing	a	Ni-catalyst	containing	a	novel	phenanthroline	ligand,	Mn	as	a	reducing	agent	
and	 LiCl	 or	 nBu4NBr	 as	 additives	 to	 increase	 efficiency.	 Under	 these	 optimized	 conditions,	 competitive	 β-hydride	
elimination	or	homodimerization	pathways	were	effectively	diminished,	providing	direct	access	to	aliphatic	carboxylic	
acids	from	inexpensive	alkyl	chlorides	and	CO2.	Due	to	the	mild	reaction	conditions	associated	with	cross-electrophile	
couplings,	 a	 wide	 functional	 group	 tolerance	was	 observed.	 Surprisingly,	 the	 carboxylation	 of	 secondary	 and	 even	
tertiary	alkyl	 chlorides	was	within	 range	of	our	optimized	conditions	 through	 the	 fine-tuning	of	 the	phenanthroline	
ligand.	This	strategy	also	gave	access	to	carboxylated	carbocyclic	skeletons	via	a	5-exo-dig	cyclization	of	unactivated	
alkyl	 chlorides	 with	 alkynes.	 In	 an	 attempt	 to	 demonstrate	 the	 potential	 impact	 of	 our	 methodology	 in	 the	
development	of	 iterative	cross-coupling	reactions,	we	could	transform	two	polyhalogenated	substrates	through	two	
subsequent	cross-coupling	reaction	and	a	final	reductive	carboxylation	of	the	C(sp3)-Cl	bond.	Mechanistic	experiments	
with	 diasteromerically	 pure	 deuterated	 substrates	 and	 radical	 cyclization	 experiments	 suggested	 oxidative	 addition	
proceeds	through	a	radical	pathway.	These	results	give	valuable	information	about	the	nature	of	this	elementary	step	
when	 unactivated	 alkyl	 chlorides	 are	 involved	 in	Ni-catalyzed	 cross-electrophile	 couplings.	 Finally,	 although	 further	
mechanistic	studies	are	needed	to	fully	elucidate	all	the	elementary	steps	of	this	transformation,	preliminary	results	
with	 isolated	 and	 characterized	 Ni-complexes	 (2.15	 and	 2.16)	 suggest	 alkyl-Ni(I)	 formation	 through	 Ni(II)/Ni(0)	
comproportionation	might	precede	CO2	insertion.		
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Chapter	2.	
 77	
2.7.	Experimental	Section	
	
General	considerations		
	
Reagents:	All	reactions	were	conducted	in	Schlenk	tubes.	Commercially	available	materials	were	used	without	further	
purification.	 8-chlorooctan-1-ol	 (2.6m),	 6-chlorohex-1-yne	 (2.23a),	 cyclohexyl	 chloride	 (2.20a)	were	purchased	 from	
commercial	 sources	 and	 used	 as	 received.	 Anhydrous	 N,N-dimethylacetamide	 (DMA)	 and	N,N-dimethylformamide	
(DMF)	 were	 purchased	 from	 Acros	 Organics.	 nBu4NBr,	 Mn	 powder	 (99.99%	 trace	 metal	 basis),	 NiBr2·glyme	 (97%	
purity)	and	NiI2	(99.99%	trace	metal	basis)	was	purchased	from	Aldrich.	All	the	ligands	were	synthesized	according	to	
literature	procedures.83			
	
Analytical	 methods:	 1H	NMR	 and	 13C	 NMR	 spectra	 are	 included	 for	 all	 compounds.	 1H	 and	 13C	 NMR	 spectra	were	
recorded	on	a	Bruker	300	MHz,	a	Bruker	400	MHz	and	a	Bruker	500	MHz	at	20	°C.	All	1H	NMR	spectra	are	reported	in	
parts	per	million	(ppm)	downfield	of	TMS	and	were	measured	relative	to	the	signals	for	CHCl3	(7.26	ppm)	and	DMSO	
(2.50	ppm).	All	13C	NMR	spectra	were	reported	in	ppm	relative	to	residual	CHCl3	(77	ppm),	DMSO	(39.5	ppm)	and	were	
obtained	with	1H	decoupling.	Coupling	constants,	J,	are	reported	in	hertz.	Melting	points	were	measured	using	open	
glass	capillaries	in	a	Büchi	B540	apparatus.	Infrared	spectra	were	recorded	on	a	Bruker	Tensor	27.	Mass	spectra	were	
recorded	 on	 a	 Waters	 LCT	 Premier	 spectrometer.	 High	 Pressure	 Liquid	 Chromatographic	 (HPLC)	 analyses	 were	
performed	 on	 Agilent	 Technologies	 Model	 1260	 Infinity	 HPLC	 chromatography	 instrument	 equipped	 with	 Agilent	
Eclipse	Plus	C18	(3.5	um,	4.6	x	100	mm)	column	and	UV/V	is	detector.	Flash	chromatography	was	performed	with	EM	
Science	 silica	 gel	 60	 (230-400	mesh)	 and	using	bromocresol,	 potassium	permanganate,	or	 cerium	molibdate	as	 TLC	
stains.	 The	 yields	 reported	 in	 Schemes	 2.12,	 2.14,	 2.15,	 2.28,	 2.31,	 2.32	 refer	 to	 isolated	 yields	 and	 represent	 an	
average	of	at	least	two	independent	runs.	The	procedures	described	in	this	section	are	representative.	Thus,	the	yields	
may	differ	slightly	from	those	given	in	the	tables	of	the	manuscript.	
	
Optimization	details	
	
General	procedure.	An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	Mn	powder	(0.6	mmol,	3	
equiv),	nBu4NBr	 (0.2	mmol,	1	equiv)	and	L2.11	 (0.048	mmol,	24	mol%).	The	 schlenk	 tube	was	 then	 introduced	 in	a	
glovebox	where	it	was	charged	with	NiBr2·glyme	(0.02	mmol,	10	mol%).		The	tube	was	taken	out	of	the	glovebox	and	
connected	 to	 a	 vacuum	 line	where	 it	was	 evacuated	 and	 back-filled	 under	 CO2	 flow	 for	 at	 least	 3	 times.	 The	 alkyl	
chloride	 (0.2	mmol)	 and	 DMF	 (1.2	mL)	 were	 added	 under	 CO2	 flow.	 Once	 added,	 the	 schlenk	 tube	 was	 closed	 at	
atmospheric	pressure	of	CO2	 (1	atm)	and	 stirred	 for	12	hours	at	60	 °C.	 The	mixture	was	quenched	with	2M	HCl	 to	
hydrolyze	the	resulting	carboxylate	and	diluted	with	AcOEt.	A	sample	of	such	obtained	solution	was	analyzed	by	HPLC	
analysis	 using	 anisole	 as	 internal	 standard,	 and,	 eventually,	 purified	 by	 column	 chromatography	 on	 silica	 gel	
(hexanes/AcOEt	mixtures)	to	deliver	the	expected	product.		
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Synthesis	of	the	starting	materials	
	
Primary	and	secondary	unactivated	alkyl	chlorides:	Non-commercially	available	alkyl	chlorides	were	prepared	in	one	
step	 via	 SN2-type	 reactions	 of	 different	 nucleophilic	 components	 (phenols	 or	 carboxylic	 acids,	 among	 others),	with	
appropriately	 substituted	 alkyl	 chlorides	 or	 from	 the	 corresponding	 aliphatic	 alcohols	 by	 treatment	 with	 thionyl	
chloride	or	other	chlorinating	reagents.		
	
General	 procedure	 for	 the	 synthesis	 of	 unactivated	 alkyl	 chlorides	 via	 SN2-type	 reactions:	 A	 mixture	 of	 the	
corresponding	phenol	or	carboxylic	acid	(1	equiv),	1-bromo-6-chlorohexane	(1	or	1.5	equiv),	and	K2CO3	(1.5	equiv)	in	
acetone	or	ethanol	was	heated	to	reflux.	After	completion	of	the	reaction,	the	mixture	was	allowed	to	cool	to	room	
temperature	and	filtered	through	Celite	(washed	with	CH2Cl2).	The	combined	filtrates	were	then	concentrated	under	
reduced	 pressure	 and	 purification	 by	 flash	 column	 chromatography	 in	 silica	 gel	 afforded	 the	 corresponding	 alkyl	
chlorides.	
	
1-(4-Chlorobutyl)-4-methoxybenzene	(2.6a).	In	an	argon	purged	round	bottom	flask	thionyl	chloride	
(5.6	g,	47	mmol)	was	added	dropwise	over	1h	via	cannula	into	a	solution	of	4-(4-Methoxyphenyl)-1-
butanol	 (5	g,	27.7	mmol)	and	pyridine	 (1.1	ml,	13.85	mmol).	Upon	complete	addition,	 the	reaction	
was	heated	to	50	°C	for	2	h	and	checked	by	TLC	analysis.	The	reaction	mixture	was	allowed	to	cool	to	
room	temperature,	and	quenched	via	the	addition	of	water	(6	ml)	and	diethyl	ether	(6	ml)	and	further	stirred	for	10	
min.	The	remaining	mixture	was	extracted,	and	the	organic	phase	was	washed	twice	with	NaHCO3	and	one	with	H2O.	
The	 solution	 was	 dried	 over	 MgSO4,	 concentrated	 and	 purification	 by	 flash	 column	 chromatography	 in	 silica	 gel	
(hexanes/AcOEt	20/1)	provided	2.6a	as	a	yellow	liquid	 in	93%	yield.	 1H	NMR	(400	MHz,	CDCl3)	δ	7.11	(d,	J	=	8.8	Hz,	
2H),	6.85	(d,	J	=	8.6	Hz,	2H),	3.80	(s,	3H),	3.56	(t,	J	=	6.4	Hz,	2H),	2.61	(t,	J	=	7.2	Hz,	2H),	1.93	−	1.65	(m,	4H)	ppm.	13C	
NMR	(101	MHz,	CDCl3)	δ	157.9,	133.9,	129.2,	113.8,	55.2,	44.9,	34.2,	32.1,	28.8	ppm.	Spectroscopic	data	for	1a	match	
those	previously	reported	in	the	literature.84	
	
	5-(6-Chlorohexyl)benzo[d][1,3]dioxole	(2.6b).	2.6b	was	synthesized	following	an	exact	experimental	
procedure	 described	 in	 the	 literature85	starting	 from	 1-bromo-6-chlorohexane	 (2.39	 g,	 12	 mmol).	
Purification	 by	 flash	 column	 chromatography	 in	 silica	 gel	 (hexanes/AcOEt	 30/1)	 afforded	 2.6b	 as	
colorless	liquid	in	31%	yield	(0.9	g,	3.73	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	6.79	−	6.57	(m,	3H),	5.92	
(s,	2H),	3.53	(t,	J	=	6.7	Hz,	2H),	2.54	(t,	2H),	1.84	−	1.69	(m,	2H),	1.67	−	1.53	(m,	2H),	1.53	−	1.41	(m,	2H),	1.41	−	1.27	(m,	
2H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	147.6,	145.6,	136.5,	121.1,	108.9,	108.1,	100.8,	45.2,	35.6,	32.6,	31.6,	28.4,	26.8	
ppm.	IR	(neat,	cm-1)	2930,	2856,	1487,	1242,	1186,	1038.	HRMS	calc.	for	[C13H18ClO2+H]
	241.0990,	found	241.	0988.	
	
	
	6-Chlorohexyl	3-fluorobenzoate	(2.6c).	1c	was	synthesized	following	the	general	procedure	for	SN2-
type	 reactions	 starting	 from	 3-fluorobenzoic	 acid	 (2	 g,	 14.3	 mmol).	 Purification	 by	 flash	 column	
chromatography	in	silica	gel	(hexanes/AcOEt	20/1)	provided	2.6c	as	a	light	green	liquid	in	25%	yield	
(0.93	g,	3.58	mmol).	1H	NMR	(500	MHz,	CDCl3)	δ	7.82	(dt,	J	=	7.7,	1.3	Hz,	1H),	7.70	(ddd,	J	=	9.4,	2.7,	
1.5	Hz,	1H),	7.41	(td,	J	=	8.0,	5.5	Hz,	1H),	7.29	–	7.19	(m,	1H),	4.32	(t,	J	=	6.6	Hz,	2H),	3.54	(t,	J	=	6.6	Hz,	
2H),	1.79	(ddt,	J	=	14.7,	8.1,	6.6	Hz,	4H),	1.57	−	1.39	(m,	4H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	165.4	(d,	J	=	2.8	Hz),	
163.7,	161.3,	132.6	(d,	J	=	7.4	Hz),	130.0	(d,	J	=	7.7	Hz),	125.3	(d,	J	=	3.0	Hz),	119.9	(d,	J	=	21.3	Hz),	116.4	(d,	J	=	23.0	Hz),	
65.2,	 44.9,	 32.4,	 26.5,	 25.4.	 ppm	 19F	NMR	 (376	MHz,	 CDCl3)	 δ	 -112.2	 ppm.	 IR	 (neat,	 cm
-1)	 2938,	 2861,	 1719,	 1519,	
1446,	1279,	1269,	1201.	HRMS	calc.	for	[C13H16ClFO2	+	Na]	281.0715,	found	281.0727.	
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	4-Chlorobutyl	 furan-2-carboxylate	 (2.6d).	 2.6d	 was	 synthesized	 following	 an	 exact	 experimental	
procedure	 described	 in	 the	 literature86	starting	 from	 furane-2-carbonyl	 chloride	 (1.56	 g,	 12	 mmol).	
Purification	 by	 flash	 column	 chromatography	 in	 silica	 gel	 (hexanes/AcOEt	 20/1)	 afforded	 2.6d	 as	 a	
colorless	liquid	in	58%	yield.	1H	NMR	(400	MHz,	CDCl3)	δ	7.57	(dq,	J	=	1.6,	0.8	Hz,	1H),	7.20	−	7.15	(m,	1H),	
6.50	(ddt,	J	=	3.5,	1.8,	0.9	Hz,	1H),	4.38	−	4.30	(m,	2H),	3.64	−	3.56	(m,	2H),	1.98	−	1.86	(m,	4H)	ppm.	13C	
NMR	 (101	MHz,	 CDCl3)	 δ	 158.7,	 146.5,	 144.7,	 118.0,	 112.0,	 64.2,	 44.5,	 29.3,	 26.3	 ppm.	 IR	 (neat,	 cm
-1)	 2960,	 1715,	
1474,	1293,	1170,	1117,	1012.	HRMS	calc.	for	[C9H11ClO3	+	Na],	225.0286	found	225.0294.	
	
	4-Chlorobutyl	 thiophene-2-carboxylate	 (2.6e).	 2.6e	was	 synthesized	 following	 an	 exact	 experimental	
procedure	described	 in	 the	 literature86	 starting	 from	thiophene-2-carbonyl	 chloride	 (1.76	g,	12	mmol).	
Purification	 by	 flash	 column	 chromatography	 in	 silica	 gel	 (hexanes/AcOEt	 25/1)	 afforded	1e	 as	 a	 light	
green	liquid	in	63%	yield	(1.67	g,	7.6	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	7.75	(d,	J	=	3.8	Hz,	1H),	7.51	(d,	J	
=	5.0	Hz,	1H),	7.05	(t,	J	=	4.3	Hz,	1H),	4.34	−	4.23	(m,	2H),	3.63	−	3.48	(m,	2H),	1.93	−	1.80	(m,	4H)	ppm.	
13C	NMR	(75	MHz,	CDCl3)	δ	162.0,	133.6,	133.3,	132.3,	127.7,	64.2,	44.4,	29.1,	26.0	ppm.	Spectroscopic	data	for	2.6e	
match	those	previously	reported	in	the	literature.86	
	
	6-Chlorohexyl	1-methyl-1H-pyrrole-2-carboxylate	(2.6f).	2.6f	was	synthesized	following	the	general	
procedure	 for	 SN2-type	 reactions	 starting	 from	 1-methyl-1H-pyrrole-2-carboxylic	 acid	 (1.5	 g,	 12	
mmol).	 Purification	 by	 flash	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1)	 afforded	
2.6f	as	a	yellow	liquid	in	26%	yield	(0.77	g,	3.15	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	6.92	(dd,	J	=	4.0,	
1.8	Hz,	1H),	6.76	(t,	J	=	2.2	Hz,	1H),	6.09	(dd,	J	=	4.0,	2.5	Hz,	1H),	4.21	(t,	J	=	6.6	Hz,	2H),	3.90	(s,	3H),	
3.51	(t,	J	=	6.7	Hz,	2H),	1.82	−	1.68	(m,	4H),	1.56	−	1.32	(m,	4H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	δ	161.3,	129.4,	122.5,	
117.6,	107.7,	63.5,	44.9,	36.7,	32.5,	28.6,	26.5,	25.4	ppm.	 IR	(neat,	cm-1)	2938,	2860,	1698,	1531,	1413,	1319,	1243,	
1109,	1054.	HRMS	calc.	for	[C12H18ClNO2+Na]	266.0918,	found	266.0918.	
	
	(((6-Chlorohexyl)oxy)methyl)benzene	 (2.6g).	 2.6g	 was	 synthesized	 following	 an	 exact	 experimental	
procedure	described	in	the	literature87	starting	from	6-chloro-1-hexanol	(1.72	g,	12.6	mmol).	Purification	
by	 flash	 column	 chromatography	 in	 silica	 gel	 (hexanes/AcOEt	 4/1)	 afforded	2.6g	 as	 a	 colorless	 liquid	 in	
91%	yield	(2.50	g,	11	mmol).	1H	NMR	(500	MHz,	CDCl3)	δ	7.41	–	7.23	(m,	5H),	4.51	(s,	2H),	3.54	(t,	J	=	6.7	
Hz,	2H),	3.48	(t,	J	=	6.5	Hz,	2H),	1.84	–	1.72	(m,	2H),	1.70	–	1.58	(m,	2H),	1.53	–	1.34	(m,	4H)	ppm.	13C	NMR	(75	MHz,	
CDCl3)	δ	138.6,	128.3,	127.6,	127.5,	72.9,	70.2,	45.0,	32.6,	29.6,	26.7,	25.5	ppm.	Spectroscopic	data	 for	2.6g	match	
those	previously	reported	in	the	literature.87		
	
	N-(4-((6-Chlorohexyl)oxy)phenyl)acetamide	 (2.6h).	2.6h	was	synthesized	following	the	general	
procedure	 for	 SN2-type	 reactions	 starting	 from	 4-acetamidophenol	 (3.02	 g,	 20	 mmol).	
Recrystallization	in	CHCl3	afforded	2.6h	as	a	pale	yellow	solid	in	67%	yield	(3.6	g,	13.4	mmol).	
Mp	110	°C.	1H	NMR	(400	MHz,	CDCl3)	δ	7.43	(s,	1H),	7.40	−	7.33	(m,	2H),	6.86	−	6.79	(m,	2H),	3.92	(t,	J	=	
6.4	Hz,	2H),	3.54	(t,	J	=	6.7	Hz,	2H),	2.12	(s,	3H),	1.87	−	1.73	(m,	4H),	1.57	−	1.42	(m,	4H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	
δ	168.4,	156.0,	131.0,	122.0,	114.9,	68.1,	45.2,	32.6,	29.2,	26.8,	25.5,	24.5	ppm.	IR	(neat,	cm-1)	3289,	3257,	2940,	2863,	
1653,	1605,	1550,	1508,	1472,	1237.	HRMS	calc.	for	[C14H20ClNO2+Na],	292.1075	found	292.1085.	
	
	(p-(4-Chlorohexyloxy)-acetophenone	 (2.6i).	 2.6i	 was	 synthesized	 following	 the	 general	
procedure	 for	 SN2-type	 reactions	 starting	 from	 4-hydroxyacetophenone	 (1.63	 g,	 12	 mmol).	
Purification	by	flash	column	chromatography	in	silica	gel	(hexanes/AcOEt	5/1)	provided	2.6i	as	a	
colorless	liquid	in	95%	yield	(2.91	g,	11.4	mmol).	1H	NMR	(500	MHz,	CDCl3)	δ	7.91	(d,	J	=	8.9	Hz,	
2H),	6.91	(d,	J	=	8.8	Hz,	2H),	4.02	(t,	J	=	6.4	Hz,	2H),	3.54	(t,	J	=	6.6	Hz,	2H),	2.54	(s,	3H),	1.87	−	1.76	(m,	4H),	1.59	−	1.45	
(m,	4H)	ppm.	 13C	NMR	(101	MHz,	CDCl3)	δ	196.6,	162.9,	130.5,	130.1,	114.1,	67.9,	44.9,	32.4,	28.9,	26.5,	26.3,	25.3	
                                                
86	S.	Enthaler,	M.	Weidauer,	Catal	Lett.	2012,	142,	168-175.	
O
Cl
O O
O
Cl
O S
Cl
O
O
Me
Cl
O
O
N
Me
Cl
OBn
Ni-Catalyzed	Carboxylation	of	Unactivated	Alkyl	Chlorides	with	CO2	
 80	
ppm.	IR	(neat,	cm-1)	2939,	2862,	1673,	1598,	1508,	1357,	1250,	1170.	HRMS	calc.	for	[C14H19ClO2+Na],	277.0966	found	
277.0972.	
	
	4-((6-Chlorohexyl)oxy)benzaldehyde	 (2.6j).	 2.6j	 was	 synthesized	 following	 the	 general	
procedure	 for	 SN2-type	 reactions	 starting	 from	 4-hydroxybenzaldehyde	 (1.46	 g,	 12	 mmol).	
Purification	by	flash	column	chromatography	on	silica	gel	(hexanes/AcOEt	7/1)	afforded	2.6j	as	a	
colorless	liquid	in	61%	yield	(1.77	g,	7.36	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	9.85	(s,	1H),	7.80	(d,	
J	=	8.8	Hz,	2H),	6.96	(d,	J	=	8.7	Hz,	2H),	4.02	(t,	J	=	6.4	Hz,	2H),	3.53	(t,	J	=	6.6	Hz,	2H),	1.93	–	1.69	(m,	4H),	1.60	–	1.41	
(m,	4H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	190.8,	164.2,	132.0,	129.9,	114.8,	68.2,	45.0,	32.5,	29.0,	26.6,	25.4	ppm.	IR	
(neat,	 cm-1)	 2939,	 2865,	 1683,	 1597,	 1510,	 1313,	 1263,	 1213,	 1154,	 996.	HRMS	calc.	 for	 [C13H17ClO2+Na],	 263.0809	
found	263.0802.	
	
	1-((6-Chlorohexyl)oxy)-3-(trifluoromethyl)benzene	 (2.6k).	 2.6k	 was	 synthesized	 following	 the	
general	 procedure	 for	 SN2-type	 reactions	 starting	 from	 3-(trifluoromethyl)phenol	 (1.94	 g,	 12	
mmol).	Purification	by	flash	column	chromatography	on	silica	gel	(hexanes/AcOEt	99/1)	afforded	
2.6k	as	a	colorless	liquid	in	50%	yield	(1.68	g,	6.0	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	7.42	–	7.33	
(m,	1H),	7.19	(ddt,	J	=	7.8,	1.7,	0.9	Hz,	1H),	7.12	(t,	J	=	2.1	Hz,	1H),	7.05	(dd,	J	=	8.3,	2.6	Hz,	1H),	3.99	(t,	J	=	6.4	Hz,	2H),	
3.56	(t,	J	=	6.6	Hz,	2H),	1.90	–	1.75	(m,	4H),	1.58	–	1.45	(m,	4H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	159.3,	131.9	(q,	J	=	
32.2	Hz),	130.0	,	124.2	(q,	J	=	272.4	Hz),	118.0	(d,	J	=	1.5	Hz),	117.3	(q,	J	=	3.9	Hz),	111.3	(q,	J	=	3.9	Hz),	68.1,	45.0,	32.6,	
29.1,	26.7,	25.5	ppm.19F	NMR	(376	MHz,	CDCl3)	δ	-62.4	ppm.	IR	(neat,	cm
-1)	2940,	2865,	1449,	1327,	1164,	1122,	1065.	
HRMS	calc.	for	[C13H16ClF3O],	280.0842	found	280.0836	
	
	1-Chlorodecane	 (2.6l).	 2.6l	 was	 synthesized	 following	 the	 procedure	 described	 for	 the	 synthesis	 of	
product	2.6a	starting	from	1-decanol	(1.89	g,	12	mmol).	Purification	by	flash	column	chromatography	
on	silica	gel	(using	pure	hexane)	afforded	2.6l	as	a	colorless	liquid	in	42%	yield	(0.91	g,	5.17	mmol).	1H	
NMR	(400	MHz,	CDCl3)	δ	3.53	(t,	J	=	6.8	Hz,	2H),	1.84	–	1.70	(m,	2H),	1.48	–	1.36	(m,	2H),	1.35	–	1.20	(m,	
12H),	0.93	–	0.83	(m,	3H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	δ	45.2,	32.8,	32.0,	29.7,	29.7,	29.5,	29.1,	27.1,	22.8,	14.2	ppm.	
Spectroscopic	data	for	1l	match	those	previously	reported	in	the	literature.	87	
	
	6-Chlorohexyl	pivalate	 (2.6n).	A	round-bottomed	flask	was	charged	with	pyridine	(2.84	g,	36	mmol)	
and	6-chloro-1-hexanol	 (1.64	 g,	 12	mmol).	 The	mixture	was	dissolved	 in	 CH2Cl2	 (10	ml)	 and	pivaloyl	
chloride	 (2.17g,	 18	 mmol)	 was	 added	 dropwise	 at	 0	 °C.	 The	 reaction	 was	 stirred	 for	 1	 hour.	 After	
completion	the	reaction	was	quenched	with	water	and	extracted	with	ethyl	acetate	 (3	x	30	ml).	The	
combined	 organic	 phases	 were	 washed	 with	 brine,	 dried	 over	 MgSO4,	 filtered,	 concentrated	 under	 vacuum	 and	
purification	by	flash	column	chromatography	on	silica	gel	(hexanes	followed	by	hexanes/AcOEt	50/1)	afforded	2.6n	as	
a	colorless	liquid	in	55%	yield	(1.47	g,	6.66	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	4.04	(t,	J	=	6.5	Hz,	2H),	3.52	(t,	J	=	6.7	
Hz,	2H),	1.82	–	1.71	(m,	2H),	1.70	–	1.55	(m,	2H),	1.52	–	1.30	(m,	4H),	1.18	(s,	9H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	
178.4,	64.1,	44.8,	38.7,	28.4,	27.2,	26.5,	25.2	ppm.	Spectroscopic	data	for	2.6n	match	those	previously	reported	in	the	
literature.	88 
	
	(6-Chlorohexyl)carbamic	 acid	 tert-butyl	 ester	 (2.6o).	 2.6o	 was	 synthesized	 following	 an	 exact	
experimental	 procedure	 described	 in	 the	 literature89	starting	 from	 6-amino-1-hexanol	 (1.4	 g,	 12	
mmol).	Purification	by	flash	column	chromatography	on	silica	gel	(hexanes/AcOEt	8/1)	afforded	2.6o	
as	a	colorless	liquid	in	53%	yield	(1.5	g,	6.4	mmol)	over	two	steps.	1H	NMR	(500	MHz,	CDCl3)	δ	4.52	
(s,	1H),	3.51	(t,	J	=	6.7	Hz,	2H),	3.16	−	3.01	(m,	2H),	1.76	(dt,	 J	=	14.7,	6.8	Hz,	2H),	1.52	−	1.37	(m,	
13H),	1.36	−	1.29	(m,	2H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	156.0,	78.9,	44.9,	40.4,	32.5,	29.9,	28.4,	26.5,	26.0	ppm.	
Spectroscopic	data	for	2.6o	match	those	previously	reported	in	the	literature.89		
	 	
                                                
87	A.	L.	Silberstein,	S.	D.	Ramgren,	N.	K.	Grag.	Org.	Lett,	2012	,		14,	3796-3799.	
88	J.	H.	Kirchhoff,	C.	Dai,	G.	Fu.	Angew.	Chem.,	Int.	Ed.	2002,	41,	1945-1947.	
89	A.	J.	Hallett,	P.	Christian,	J.	E.	Jones,	S.	J.	A.	Pope,	Chem.	Commun,	2009,	28,	4278-4280. 
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	tert-Butyl((6-chlorohexyl)oxy)diphenylsilane	 (2.6p).	 2.6p	 was	 synthesized	 following	 an	 exact	
experimental	 procedure	 described	 in	 the	 literature90	 starting	 from	 6-chlorohexan-1-ol	 (1.64	 g,	 12	
mmol).	Purification	by	flash	column	chromatography	on	silica	gel	(hexanes	followed	by	hexanes/AcOEt	
10/1)	afforded	2.6p	as	a	colorless	liquid	in	87%	yield	(3.94	g,	10.5	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	
7.75	−	7.62	(m,	4H),	7.52	−	7.34	(m,	6H),	3.68	(t,	J	=	6.4	Hz,	2H),	3.52	(t,	J	=	6.8	Hz,	2H),	1.85	−	1.73	(m,	2H),	1.66	−	1.53	
(m,	2H),	1.50	−	1.34	(m,	4H),	1.06	(s,	9H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	135.7,	134.2,	129.7,	127.7,	63.9,	45.2,	32.8,	
32.5,	27.0,	26.8,	25.2,	19.4	ppm.	Spectroscopic	data	for	2.6p	match	those	previously	reported	in	the	literature.90	
	
	8-Chloro-2,2-dimethyloctanenitrile	 (2.6q).	 2.6q	 was	 synthesized	 following	 an	 exact	 experimental	
procedure	 described	 in	 the	 literature91	 starting	 from	 1-bromo-6-chlorohexane	 (2.38	 g,	 12	 mmol).	
Purification	by	flash	column	chromatography	in	silica	gel	using	pure	pentane	afforded	2.6q	as	a	colorless	
liquid	in	78%	yield	(1.77	g,	9.43	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	3.53	(t,	J	=	6.7	Hz,	2H),	1.82	–	1.74	(m,	
2H),	1.53	–	1.43	(m,	6H),	1.41	–	1.34	(m,	2H),	1.33	(s,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	125.3,	45.1,	
41.1,	 32.6,	 32.5,	 29.0,	 26.8,	 26.8,	 25.3	 ppm.	 Spectroscopic	 data	 for	 2.6q	 match	 those	 previously	 reported	 in	 the	
literature.91	
	
	4-(6-Chlorohexyl)phenol	(2.6r).	The	cobalt-catalyzed	cross-coupling	(step	1)	was	performed	following	
an	exact	experimental	procedure	described	in	the	literature85	starting	from	1-bromo-6-chlorohexane	
(11.97	g,	60	mmol).	Purification	by	flash	column	chromatography	on	silica	gel	(hexanes/AcOEt	20/1)	
afforded	1-(6-chlorohexyl)-4-methoxybenzene	as	a	colorless	liquid	in	75%	yield	(10.21	g,	45.0	mmol).	
The	corresponding	demethylation	(step	2)	was	carried	out	following	an	exact	experimental	procedure	described	in	the	
literature 92 	starting	 from	 1-(6-chlorohexyl)-4-methoxybenzene	 (9.0	 g,	 39.7	 mmol).	 Purification	 by	 flash	 column	
chromatography	on	silica	gel	(hexanes/AcOEt	4/1)	afforded	2.6r	as	a	brown	liquid	in	78%	yield	(6.64	g,	31.2	mmol).	1H	
NMR	(500	MHz,	CDCl3)	δ	7.04	(d,	J	=	8.4	Hz,	2H),	6.76	(d,	J	=	8.4	Hz,	2H),	4.90	(s,	1H),	3.53	(t,	J	=	6.7	Hz,	2H),	2.59	–	2.50	
(m,	2H),	1.82	–	1.72	(m,	2H),	1.65	–	1.55	(m,	2H),	1.51	–	1.41	(m,	2H),	1.39	–	1.30	(m,	2H)	ppm.	13C	NMR	(101	MHz,	
CDCl3)	 δ	 153.5,	 134.9,	 129.5,	 115.4,	 45.3,	 35.0,	 32.7,	 31.6,	 28.5,	 26.8	 ppm.	 IR	 (neat,	 cm
-1)	 3344,	 2929,	 2855,	 1597,	
1512,	1443,	1223,	1171.	HRMS	calc.	for	[C12H17ClO-H],	211.0895	found	211.0898.	
	
	4-(6-Chlorohexyl)phenyl	pivalate	(2.6s).	A	solution	of	pivaloyl	chloride	(1.44	g	in	7	ml	anhydrous	
CH2Cl2,	12	mmol)	was	added	to	a	mixture	of	the	4-(6-chlorohexyl)phenol	(2.12	g	10	mmol),	DMAP	
(122	mg,	1	mmol),	triethylamine	(1.21	g,	12	mmol),	in	anhydrous	CH2Cl2	(35	ml).	The	mixture	was	
stirred	at	room	temperature	for	1.5	hours	and	checked	by	TLC.	After	completion,	the	reaction	was	
quenched	with	water	and	extracted	with	ethyl	acetate	(3	x	30	ml).	The	combined	organic	phases	were	washed	with	
brine,	dried	over	MgSO4,	 filtered,	concentrated	under	vacuum	and	purification	by	 flash	column	chromatography	on	
silica	gel	(hexanes/AcOEt	10/1)	afforded	2.6s	as	a	colorless	liquid	in	97%	yield	(2.89	g,	9.73	mmol).	1H	NMR	(500	MHz,	
CDCl3)	δ	7.17	(d,	J	=	8.3	Hz,	2H),	6.97	(d,	J	=	8.9	Hz,	2H),	3.53	(t,	J	=	6.7	Hz,	2H),	2.61	(t,	J	=	7.7	Hz,	2H),	1.83	–	1.73	(m,	
2H),	1.70	–	1.54	(m,	2H),	1.51	–	1.42	(m,	2H),	1.42	–	1.31	(m,	11H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	δ	177.3,	149.2	139.9,	
129.3,	121.2,	45.2,	39.1,	35.2,	32.6,	31.3,	28.5,	27.2,	26.8	ppm.	 IR	 (neat,	cm-1)	2932,	2858,	1749,	1507,	1479,	1461,	
1277,	1197,	1165,	1113.	HRMS	calc.	for	[C17H25ClO2+Na],	319.1435	found	319.1443.	
	
	3-(chloromethyl)heptane	(2.6t).	A	round-bottomed	flask	was	charged	with	2-ethylhexan-1-ol	(1.73	g,	12	
mmol),	CCl4	(6.7	ml,	60	mmol),	PPh3	(3.46	g,	13.2	mmol),	imidazole	(1.05	g,	12	mmol)	and	dissolved	in	10	
ml	acetonitrile.	The	reaction	was	stirred	at	0°	C	for	1h	and	then	left	to	stir	at	room	temperature	overnight.	
The	solvent	and	volatiles	were	removed	under	reduced	pressure	and	a	1:1	mixture	of	pentane/Et2O	was	
added	 to	 precipitate	 Ph3PO.	 The	 precipitate	 was	 filtered	 through	 silica,	 washed	 with	 Et2O,	 the	 residue	 was	
concentrated	under	 reduced	pressure	and	purification	by	 flash	 column	chromatography	on	 silica	 gel	using	pentane	
afforded	2.6t	as	a	colorless	liquid	in	40%	yield	(0.79	g,	4.86	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	3.61	–	3.47	(m,	2H),	
1.66	–	1.51	(m,	1H),	1.53	–	1.18	(m,	8H),	0.96	–	0.85	(m,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	48.6,	41.6,	31.1,	29.0,	
                                                
90	C.	Engels,	D.	V.	Steenwinckel,	E.	Hendrickx,	M.	Schaerlaekens,	A.	Persoons,	C.	Samyn,	J.	Mater.	Chem,	2002,	12,	951-957.	
91	P.	Liu,	X.	Xu,	L.	Chen,	L.	Ma,	X.	Shen,	L.	Hu,	Bioorg.	Med.	Chem,	2014,	22,	1596-1607. 
92	A.	P.	Guzikowski	et	al,	J.	Med.	Chem.	2000,	43,	984-994.	
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24.3,	 23.0,	 14.2,	 11.0	 ppm.	 IR	 (neat,	 cm-1)	 2959,	 2929,	 2873,	 2860,	 1459,	 1380,	 1294.	 Spectroscopic	 data	 for	 2.6t	
match	those	previously	reported	in	the	literature.93	
	
8-Chloro-2-methyloct-2-ene	 (2.6u).	 The	 oxidation	 (step	 1)	 was	 performed	 following	 an	 exact	
experimental	procedure	described	in	the	literature87	starting	from	6-chloro-1-hexanol	(4.41	g,	25	mmol).	
Purification	by	flash	column	chromatography	in	silica	gel	(pentane/Et2O	6/1)	afforded	6-chlorohexanal	as	
a	 colorless	 liquid	 in	 73%	 yield	 (2.46	 g,	 18.27	mmol).	 The	Wittig	 reaction	 (step	 2)	was	 carried	 out	 as	 it	
follows:	A	solution	of	isopropyltriphenylphosphonium	iodide	(4.8	g	11.3	mmol)	in	THF	(48	ml)	is	cooled	to	
0°C	and	nBuLi	(4.5	ml,	1.6	M,	11.3	mmol)	in	THF	is	added.	The	resultant	mixture	is	stirred	at	0°C	for	30	min	and	then	6-
chlorohexanal	 (1.1	g,	9.4	mmol)	 is	added	dropwise.	The	 reaction	 is	warmed	 to	 room	temperature	and	stirred	 for	4	
hours.	Upon	completion	 it	 is	 carefully	quenched	with	a	 saturated	 solution	of	NH4Cl	 (10	ml)	 and	water	 (10	ml).	 The	
phases	are	separated	and	the	aqueous	phase	extracted	with	ether	(3	x	20	ml).	The	combined	organic	layers	washed	
with	brine,	dried	over	MgSO4	and	purification	by	flash	column	chromatography	using	pure	pentane	afforded	2.6u	as	a	
colorless	liquid	in	47	%	yield	(0.71	g,	4.42	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	5.19	–	5.05	(m,	1H),	3.53	(t,	J	=	6.8	Hz,	
2H),	2.04	–	1.92	(m,	2H),	1.84	–	1.71	(m,	2H),	1.69	(d,	J	=	1.4	Hz,	3H),	1.60	(s,	3H),	1.50	–	1.29	(m,	4H).	13C	NMR	(101	
MHz,	 CDCl3)	 δ	 131.7,	 124.5,	 45.3,	 32.8,	 29.3,	 28.0,	 26.7,	 25.9,	 17.8	 ppm.	 Spectroscopic	 data	 for	2.6u	match	 those	
previously	reported	in	the	literature.94	
	
	(3R,5R,8R,9S,10S,13R,14S,17R)-17-((R)-5-chloropentan-2-yl)-10,13,-dimethyl	 hexadecahydro-1H-
cyclopenta[a]phenanthren-3-ol	(2.6v).	To	a	solution	of	Lithocholic	acid	(5.64	g,	15	mmol)	in	MeOH	(59	ml)	was	added	
H2SO4	(2.5	ml)	and	the	mixture	was	stirred	for	2	hours	at	reflux.	After	removing	the	volatiles,	the	crude	was	extracted	
with	 dichloromethane	 (20	 ml	 x	 2),	 dried	 over	 MgSO4	 and	 concentrated	 under	 vacuum.	 The	 resulting	 solid	 was	
dissolved	 in	DCM	 (70	ml)	 and	 triethylamine	 (3.3	ml,	 23	mmol),	DMAP	 (361	mg,	 3.0	mmol)	 and	 TBSCl	 (2.27	 g,	 17.8	
mmol)	were	added	and	 the	mixture	 stirred	 for	12	hours.	A	 saturated	 solution	of	NH4Cl	 (70	ml)	was	added	and	 the	
crude	extracted	with	DCM	 (70	ml	 x	2),	 dried	over	MgSO4	and	 concentrated	under	 vacuum.	The	 crude	product	was	
purified	 by	 flash	 column	 chromatography	 in	 silica	 gel	 (hexanes/AcOEt	 50/1)	 to	 give	 5.28	 g	 of	 the	 corresponding	
protected	alcohol.	The	resulting	compound	was	then	dissolved	in	THF	(21	ml)	and	LiAlH4	(1.02	g,	27	mmol)	was	slowly	
added.	After	2	hours	the	reaction	was	quenched	by	addition	of	water	(20	ml)	and	the	crude	extracted	with	AcOEt	(20	
ml),	 dried	 over	MgSO4	 and	 concentrated	 under	 reduced	 pressure.	 Purification	 by	 flash	 column	 chromatography	 in	
silica	gel	(hexanes/AcOEt	5/1)	gave	4.03	g	of	the	corresponding	alcohol.	The	latter	was	then	dissolved	in	DCM	(51	ml),	
and	PPh3	(3.54	g,	13.5	mmol),	and	CCl3CONH2	(2.90	g,	17.8	mmol)	and	stirred	for	16	hours.	After	quench	by	addition	of	
water	 (30	ml),	 the	 crude	was	 extracted	with	 DCM	 (40	ml	 x	 2)	 dried	 over	MgSO4	 and	 concentrated	 under	 reduced	
pressure.	 Purification	 by	 flash	 column	 chromatography	 in	 silica	 gel	 (hexanes)	 gave	 2.57	 g	 of	 the	 corresponding	
chloride.	To	a	solution	of	the	resulting	compound	in	THF	(100	ml)	was	added	a	1	M	solution	of	nBu4NF	in	THF	(13	ml)	
and	the	reaction	was	stirred	for	24	hours.	Water	(50	ml)	was	then	added	and	the	crude	mixture	extracted	with	AcOEt	
(20	ml	x	2),	dried	over	MgSO4	and	concentrated	under	reduced	pressure.	Purification	by	flash	column	chromatography	
in	silica	gel	(hexanes/AcOEt	5/1)	afforded	of	2.6v	in	24%	yield	over	5	steps	(1.38	g,	3.62	mmol)	as	a	white	solid.	M.p.	=	
137-139	°C	(Lit95	143-144	°C).	[α]D
25	=	+28.8	(c	0.255,	CH2Cl2).	
1H	NMR	(500	MHz,	CDCl3)	δ	3.65	(tt,	J	=	11.0,	4.7	Hz,	1H),	
3.59	–	3.43	(m,	2H),	1.99	(dt,	J	=	12.4,	3.1	Hz,	1H),	1.91	–	1.76	(m,	5H),	1.73	–	1.64	(m,	2H),	1.63	–	1.50	(m,	4H),	1.48	–	
1.38	(m,	7H),	1.31	–	1.22	(m,	4H),	1.21	–	1.04	(m,	6H),	0.95	(s,	3H),	0.94	(s,	3H),	0.67	(s,	3H)	ppm.	13C	NMR	(101	MHz,	
                                                
93	R.	Richter,	B.	Tucker,	J.	Org.	Chem,	1983,	48,	2625-2627.	
94	O.	V.	Shekhter,	Y.	S.	Tsizin,	J.	Gen.	Chem.	USSR	(Engl.	Transl.),	1975	,	45,	1180-1185,	1161-1165.	
95	R.	T.	Blickenstaff,	F.	C.	Chang,	J.	Am.	Chem.	Soc.	1958,	80,	2726.	
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CDCl3)	δ	71.9,	56.5,	56.1,	45.7,	42.7,	42.1,	40.5,	40.2,	36.5,	35.9,	35.4,	35.3,	34.6,	33.2,	30.6,	29.4,	28.3,	27.2,	26.4,	
24.2,	 23.4,	 20.8,	 18.6,	 12.0	 ppm.	 IR	 (CDCl3,	 cm
-1):	 2936,	 2864,	 1448,	 1366,	 1302.	 HRMS	 calc.	 for	 [C24H41ClO	 +	 Na],	
403.2738	found	403.2751.	
	
7-Chlorohept-2-yne	 (2.23b).	 2.23b	 was	 synthesized	 following	 an	 exact	 experimental	 procedure	
described	 in	 the	 literature96	starting	 from	 6-chlorohex-1-yne	 (1.4	 g,	 12	 mmol).	 Purification	 by	 flash	
column	chromatography	on	silica	gel	(hexanes/AcOEt	50/1)	afforded	2.23b	as	a	colorless	liquid	in	88%	
yield	(1.24	g,	9.5	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	3.56	(t,	J	=	6.6	Hz,	2H),	2.21	–	2.13	(m,	2H),	1.93	–	1.83	(m,	2H),	
1.77	(t,	J	=	2.6	Hz,	3H),	1.67	–	1.59	(m,	2H).	13C	NMR	(101	MHz,	CDCl3)	δ	78.5,	76.2,	44.8,	31.7,	26.3,	18.2,	3.5	ppm.	
Spectroscopic	data	for	2.23b	match	those	previously	reported	in	the	literature.97.	
	
(6-Chlorohex-1-yn-1-yl)benzene	(2.23c).	A	round	bottomed	flask	was	charged	with	PdCl2(PPh3)2	(84	
mg,	0.12	mmol),	CuI	(45	mg,	0.24	mmol)	and	vacuumed	and	refilled	with	argon	three	times.	Then	
THF	(10	ml),	iodobenzene	(2.48	g,	12	mmol),	6-chlorohex-1-yne	(1.4	g,	12	mmol)	and	Et3N	(5	ml,	36	
mmol)	 were	 sequentially	 added.	 The	 reaction	 was	 stirred	 at	 room	 temperature	 overnight.	 The	
reaction	mixture	was	filtered	through	Celite	and	washed	with	Et2O,	the	solvent	was	removed	under	reduced	pressure	
and	purification	by	flash	column	chromatography	using	hexane	afforded	2.23c	as	a	colorless	liquid	in	78%	yield	(1.80	
g,	9.36	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	7.43	–	7.37	(m,	2H),	7.33	–	7.26	(m,	3H),	3.61	(t,	J	=	6.5	Hz,	2H),	2.47	(t,	J	=	
6.9	Hz,	2H),	2.03	–	1.93	(m,	2H),	1.84	–	1.73	(m,	2H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	131.7,	128.3,	127.8,	123.9,	89.4,	
81.4,	44.7,	31.8,	26.0,	18.9	ppm.	Spectroscopic	data	for	2.23c	match	those	previously	reported	in	the	literature.	98	
	
1-(6-Chlorohex-1-yn-1-yl)-4-methoxybenzene	 (2.23d).	 2.23d	 was	 synthesized	 following	 the	
procedure	 described	 for	 the	 synthesis	 of	 2.23d	 using	 1-iodo-4-methoxybenzene	 (2.8	 g,	 12	
mmol)	and	6-chlorohex-1-yne	(1.4	g,	12	mmol).	Purification	by	flash	column	chromatography	
using	hexane	afforded	2.23d	as	a	yellow	liquid	in	76%	yield	(2.03	g,	9.1	mmol).	1H	NMR	(400	
MHz,	CDCl3)	δ	7.33	(d,	J	=	8.8	Hz,	2H),	6.82	(d,	J	=	8.8	Hz,	2H),	3.80	(s,	3H),	3.60	(t,	J	=	6.6	Hz,	2H),	2.45	(t,	J	=	6.9	Hz,	
2H),	2.05	–	1.87	(m,	2H),	1.83	–	1.69	(m,	2H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	159.2,	133.0,	116.1,	114.0,	87.8,	81.0,	
55.4,	44.7,	31.8,	26.1,	18.9	ppm.	Spectroscopic	data	for	2.23d	match	those	previously	reported	in	the	literature.98	
	
(6-Chlorohept-1-yn-1-yl)benzene	 (2.27a).	 The	 Sonogashira	 coupling	 (step	 1)	 was	 performed	
following	 the	procedure	described	 for	 the	synthesis	of	2.23c	 starting	 from	hex-5-yn-ol	 (5.0	g,	51	
mmol).	Purification	by	flash	column	chromatography	in	silica	gel	(hexanes/EtOAc	10/1	followed	by	
1/1)	 afforded	 6-phenylhex-5-yn-1-ol	 as	 a	 liquid	 in	 72%	 yield	 (7.53	 g,	 36.8	 mmol).	 The	 Swern	
oxidation	 (step	 2)	 was	 performed	 following	 an	 exact	 experimental	 procedure	 described	 in	 the	 literature99	starting	
from	 6-phenylhex-5-yn-1-ol	 (22	 g,	 126	 mmol).	 Purification	 by	 flash	 column	 chromatography	 in	 silica	 gel	
(hexanes/EtOAc	50/1	followed	by	20/1)	afforded	6-phenylhex-5-ynal	as	a	 liquid	 in	69%	yield	 (15	g,	87.1	mmol).	The	
Grignard	 addition	 (step	 3)	was	 carried	 out	 as	 it	 follows:	 a	 flame-dried	 flask	 containing	 6-phenylhex-5-ynal	 (5	 g,	 29	
mmol)	dissolved	 in	dry	Et2O	 (60	ml)	was	 cooled	 to	 -40	 °C.	Under	argon	atmosphere	MeMgBr	 (11.6	ml,	3.0	M,	34.8	
mmol)	was	added	dropwise	and	sitirred	for	2h,	then	warmed	to	RT	and	stirred	for	30	min.	The	reaction	is	quenched	
with	NH4Cl,	extracted	with	Et2O	and	purification	by	flash	column	chromatography	(hexanes/EtOAc	20/1	followed	by	
10/1)	 afforded	 7-phenylhept-6-yn-2-ol	 in	 86%	 yield	 (4.70	 g,	 25	 mmol).	 The	 chlorination	 (step	 4)	 was	 carried	 out	
following	an	exact	experimental	procedure	described	in	the	literature100	starting	from	7-phenylhept-6-yn-2-ol	(0.78	g,	
4.16	mmol).	Purification	by	flash	column	chromatography	in	silica	gel	(hexanes	followed	by	10/1)	afforded	2.27a	as	a	
colorless	liquid	in	68%	yield	(0.59	g,	2.85	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	7.44	–	7.37	(m,	2H),	7.32	–	7.26	(m,	3H),	
4.15	–	4.05	(m,	1H),	2.46	(t,	J	=	6.7	Hz,	2H),	1.99	–	1.79	(m,	3H),	1.79	–	1.67	(m,	1H),	1.55	(d,	J	=	6.5	Hz,	3H)	ppm.	13C	
                                                
96	A.	F.	Kyle,	P.	Jakubec,	D.	M,	Cockfield,	E.	Cleator,	J.	Skidmore,	D.	J.	Dixon,	Chem.	Comm,	2011,	47,	10037-10039	
97	P.	L.	Watson,	R.	G.	Bergman,	J.	Am.	Chem.	Soc,	1979,	101,	2055-2062	
98	B.	H.	Lipshutz,	D.	W.	Chung,	B.	Rich,	Org.	Lett,	2008,	10,	3793-3796 
99	C.	Köner,	P.	Starkov,	T.D.	Sheppard,	J.	Am.	Chem.	Soc,	2010,	132,	5968-5969	
100	W.	Pluempanupat,	W.	Chavasiri,	Tetrahedron	Lett,	2006,	47,	6821-6823 
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NMR	(101	MHz,	CDCl3)	δ	131.7,	128.3,	127.8,	124.0,	89.5,	81.3,	58.4,	39.5,	25.9,	25.6,	19.1	ppm.	IR	(neat,	cm
-1)	2970,	
2928,	2866,	1598,	1489,	1442,	1378,	1298,	1252,	755,	691.	HRMS	calc.	for	[C13H15Cl	+	H],	207.0935	found	207.0936.	
	
	(6-chlorooct-1-yn-1-yl)benzene	(2.27b).	2.27b	was	synthesized	following	the	procedure	described	
for	the	synthesis	of	2.27a	but	using	EtMgBr.	Colorless	liquid.	1H	NMR	(500	MHz,	CDCl3)	δ	7.43	–	7.36	
(m,	2H),	7.31	–	7.24	(m,	3H),	3.95	–	3.87	(m,	1H),	2.46	(t,	J	=	6.8	Hz,	2H),	2.00	–	1.92	(m,	1H),	1.90	–	
1.68	(m,	5H),	1.05	(t,	J	=	7.3	Hz,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	131.7,	128.3,	127.7,	124.0,	
89.6,	81.3,	65.3,	37.2,	31.7,	25.8,	19.1,	11.1	ppm.	 IR	 (neat,	 cm-1):	 2937,	2876,	1598,	1490,	1456,	1441,	1381,	1332,	
1309,	1235,	1069,	913,	807,	754,	690,	664,	604,	525.	HRMS	calc.	for	[C14H17Cl	+	H],	221.1092	found	221.1082	
	
	(6-Chloro-7-methyloct-1-yn-1-yl)benzene	 (2.27c).	 2.27c	was	 synthesized	 following	 the	procedure	
described	for	the	synthesis	of	2.27a	but	using	i-PrMgBr.	Colorless	liquid.	1H	NMR	(400	MHz,	CDCl3)	δ	
7.42	–	7.37	(m,	2H),	7.32	–	7.26	(m,	3H),	3.93	–	3.85	(m,	1H),	2.46	(t,	J	=	6.3	Hz,	2H),	2.04	–	1.79	(m,	
4H),	1.79	–	1.64	(m,	1H),	1.04	(d,	J	=	6.7	Hz,	3H),	1.01	(d,	J	=	6.7	Hz,	3H)	ppm.	13C	NMR	(101	MHz,	
CDCl3)	δ	131.7,	128.4,	127.7,	124.0,	89.6,	81.3,	70.1,	34.9,	34.5,	26.2,	20.1,	19.1,	17.5	ppm.	IR	(neat,	cm
-1)	2962,	2873,	
1598,	1490,	1460,	1441,	1387,	1368,	1329,	754,	690.	HRMS	calc.	for	[C15H19	+]	199.1481	found	199.1476.	HRMS	calc.	
for	[C15H19Cl	+	C1H5O],	267.1510	found	267.1505.	
	
	 	
Cl
iPr
Cl
Et
Chapter	2.	
 85	
Ni-catalyzed	carboxylation	of	unactivated	alkyl	chlorides	(Scheme	2.12	and	2.28)	
	
General	procedure	A:	An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	Mn	powder	(1.2	mmol,	3	
eq.),	nBu4NBr	(0.4	mmol,	1eq)	and	L2.11	(0.096	mmol,	24	mol%).	The	schlenk	tube	was	then	introduced	in	a	glovebox	
where	it	was	charged	with	NiBr2·glyme	(0.04	mmol,	10	mol%).		The	tube	was	taken	out	of	the	glovebox	and	connected	
to	a	vacuum	line	where	it	was	evacuated	and	back-filled	under	CO2	flow	for	at	least	3	times.	The	corresponding	alkyl	
chloride	 (0.4	mmol)	 and	 DMF	 (2.4	mL)	 were	 added	 under	 CO2	 flow.	 Once	 added,	 the	 schlenk	 tube	 was	 closed	 at	
atmospheric	pressure	of	CO2	(1	atm)	and	stirred	at	60	°C.	The	mixture	was	quenched	with	2M	HCl	to	hydrolyze	the	
resulting	 carboxylate	 and	 extracted	 3	 times	with	 AcOEt.	 The	 combined	 organic	 layers	were	 dried	 over	MgSO4	 and	
concentrated	under	reduced	pressure.	The	products	were	purified	by	flash	chromatography	(hexanes/AcOEt).		
	
General	procedure	B:	An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	Mn	powder	(0.6	mmol,	3	
eq.),	LiCl	(0.2	mmol,	1eq),	L2.12	 (0.048	mmol,	24	mol%),	NiBr2·diglyme	(0.02	mmol,	10	mol%).	The	schlenk	tube	was	
evacuated	and	back-filled	under	CO2	flow	for	at	least	3	times.	The	corresponding	alkyl	chloride	1	(0.2	mmol)	and	DMF	
(0.5	mL)	were	added	under	CO2	 flow.	Once	added,	 the	 schlenk	 tube	was	closed	at	atmospheric	pressure	of	CO2	 (1	
atm)	and	stirred	at	90	°C.	The	mixture	was	quenched	with	2M	HCl	to	hydrolyze	the	resulting	carboxylate	and	extracted	
3	times	with	AcOEt.	The	combined	organic	layers	were	dried	over	MgSO4	and	concentrated	under	reduced	pressure.	
The	products	were	purified	by	flash	chromatography	(hexanes/AcOEt).	
	
5-(4-Methoxyphenyl)pentanoic	 acid	 (2.7a).	Following	general	procedure	A,	using	2.6a	 (79	mg,	0.40	
mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	 followed	 by	
hexanes/AcOEt	1/1)	afforded	2.7a	as	a	solid	 in	85%	yield	 (71	mg).	Mp	111	°C	 (Lit.16	114-116	°C).	 1H	
NMR	(500	MHz,	CDCl3)	δ	7.09	(d,	J	=	8.6	Hz,	2H),	6.83	(d,	J	=	8.6	Hz,	2H),	3.79	(s,	3H),	2.58	(t,	J	=	7.0	Hz,	
2H),	2.38	(t,	J	=	7.0	Hz,	2H),	1.76	–	1.58	(m,	4H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	179.9,	157.9,	134.2,	129.4,	113.9,	
55.4,	34.7,	34.0,	31.1,	24.4	ppm.	Spectroscopic	data	for	2.7a	match	those	previously	reported	in	the	literature.	101	
	
7-(Benzo[d][1,3]dioxol-5-yl)heptanoic	acid	 (2.7b).	Following	general	procedure	B,	using	2.6b	 (96	
mg,	 0.40	 mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	
followed	by	hexanes/AcOEt	1/1)	afforded	2.7b	as	a	solid	in	79%	yield	(76	mg).	Mp	56	°C.	1H	NMR	
(400	MHz,	CDCl3)	δ	6.79	–	6.57	(m,	3H),	5.92	(s,	2H),	3.53	(t,	J	=	6.7	Hz,	2H),	2.60	–	2.48	(m,	2H),	
1.84	–	1.69	(m,	2H),	1.67	–	1.53	(m,	2H),	1.53	–	1.41	(m,	2H),	1.41	–	1.27	(m,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	
180.2,	147.6,	145.6,	136.7,	121.2,	109.0,	108.2,	100.8,	35.7,	34.1,	31.6,	29.0,	28.8,	24.7	ppm.	Spectroscopic	data	for	
2.7b	match	those	previously	reported	in	the	literature.102			
	
7-((3-Fluorobenzoyl)oxy)heptanoic	 acid	 (2.7c).	 Following	 general	 procedure	 A,	 using	 2.6c	 (103	
mg,	 0.40	 mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	
followed	by	hexanes/AcOEt	1/1)	afforded	2.7c	as	an	oil	 in	82%	yield	(86	mg).	Mp	36	°C.	1H	NMR	
(500	MHz,	CDCl3)	δ	7.82	(dt,	J	=	7.8,	1.2	Hz,	1H),	7.71	(ddd,	J	=	9.4,	2.6,	1.5	Hz,	1H),	7.41	(td,	J	=	8.0,	
5.5	Hz,	1H),	7.32	–	7.20	(m,	1H),	4.32	(t,	J	=	6.6	Hz,	2H),	2.37	(t,	J	=	7.4	Hz,	2H),	1.82	–	1.72	(m,	2H),	
1.72	–	1.59	(m,	2H),	1.53	–	1.29	(m,	4H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	179.7,	165.7	(d,	J	=	3.2	Hz),	163.7,	161.7,	
132.7	(d,	J	=	7.3	Hz),	130.1	(d,	J	=	7.8	Hz),	125.4	(d,	J	=	3.1	Hz),	120.0	(d,	J	=	21.3	Hz),	116.6	(d,	J	=	23.0	Hz),	65.4,	34.0	,	
28.8	,	28.6	,	25.8	,	24.7	ppm.	19F	NMR	(376	MHz,	CDCl3)	δ	-112.2	ppm.	IR	(neat,	cm
-1)	2941,	2857,	2657,	1699,	1590,	
1444,	1280,	1205,	1089,	896,	754.	HRMS	calc.	for	[C14H17FO4	-	H],	267.1038	found	267.1038.	
	 	
                                                
101	V.	Magrioti,	A.	Nikolaou,	A.	Smyrniotou,	I.	Shah,	V.	Constantinou-Kokotou,	E.	A.	Dennis,	G.	Kokotos,	Bioorg.	Med.	Chem.	2013,	21,	5823-
5829.	
102	F.	Kiuchi,	N.	Nakamura,	M.	Saitoh,	K.	Komagome,	H.	Hiramatsu,	N.	Takimoto,	N.	Akao,	K.	Kondo,	T.	Tsuda,	Chemical	and	Pharmaceutical	
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5-((Furan-2-carbonyl)oxy)pentanoic	 acid	 (2.7d).	 Following	 general	 procedure	 A,	 using	 2.6d	 (80	mg,	
0.40	mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	 followed	 by	
hexanes/AcOEt	1/1)	afforded	2.7d	as	an	oil	in	57%	yield	(48	mg).	1H	NMR	(500	MHz,	CDCl3)	δ	7.57	(dd,	
J	=	1.7,	0.9	Hz,	1H),	7.18	(dd,	J	=	3.5,	0.9	Hz,	1H),	6.50	(dd,	J	=	3.5,	1.7	Hz,	1H),	4.32	(t,	J	=	6.1	Hz,	2H),	
2.44	 (t,	 J	 =	 7.1	Hz,	 2H),	 1.86	 –	 1.77	 (m,	 4H)	 ppm.	 13C	NMR	 (126	MHz,	 CDCl3)	 δ	 179.0,	 158.9,	 146.5,	
144.8,	118.0,	112.0,	64.5,	33.5,	28.2,	21.3	ppm.	IR	(neat,	cm-1)	3040,	2952,	2874,	1686,	1527,	1418,	1355,	1261,	1217,	
1102,	1071.	HRMS	calc.	for	[C10H12O5	+	Na],	235.0577	found	235.0579.	
	
5-((Thiophene-2-carbonyl)oxy)pentanoic	 acid	 (2.7e).	 Following	 general	 procedure	 A,	 using	2.6e	 (87	
mg,	0.40	mmol).	Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	10/1	followed	by	
hexanes/AcOEt	1/1)	afforded	2.7e	as	a	solid	in	70%	yield	(64	mg).	Mp	66	°C	(Lit.103	63-64	°C).	1H	NMR	
(500	MHz,	CDCl3)	δ	7.79	(dd,	J	=	3.8,	1.3	Hz,	1H),	7.54	(dd,	J	=	5.0,	1.3	Hz,	1H),	7.08	(dd,	J	=	5.0,	3.7	Hz,	
1H),	4.30	(t,	J	=	5.9	Hz,	2H),	2.44	(d,	J	=	6.9	Hz,	2H),	1.87	–	1.71	(m,	4H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	
δ	 179.4,	 162.4,	 133.8,	 133.5,	 132.5,	 127.8,	 64.7,	 33.6,	 28.1,	 21.3	 ppm.	 Spectroscopic	 data	 for	 2.7e	 match	 those	
previously	reported	in	the	literature.103	
	
7-((1-Methyl-1H-pyrrole-2-carbonyl)oxy)heptanoic	 acid	 (2.7f).	 Following	 the	general	procedure	A,	
using	2.6f	(97	mg,	0.40	mmol).	Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	
10/1	followed	by	hexanes/AcOEt	1/1)	afforded	2.7f	as	a	solid	in	84%	yield	(82	mg).	Mp	58	°C	(Lit.103	
60-61	°C).	1H	NMR	(500	MHz,	CDCl3)	δ	6.96	(dd,	J	=	4.0,	1.8	Hz,	1H),	6.80	(t,	J	=	2.2	Hz,	1H),	6.13	(dd,	J	
=	4.0,	2.5	Hz,	1H),	4.24	(t,	J	=	6.6	Hz,	2H),	3.94	(s,	3H),	2.39	(t,	J	=	7.5	Hz,	2H),	1.79	–	1.72	(m,	2H),	
1.72	–	1.65	(m,	2H),	1.54	–	1.38	(m,	4H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	179.9,	161.5,	129.5,	122.6,	117.8,	107.8,	
63.8,	 36.85,	 34.0,	 28.7,	 28.7,	 25.8,	 24.6	 ppm.	 Spectroscopic	 data	 for	 2.7f	 match	 those	 previously	 reported	 in	 the	
literature.103	
	
7-(Benzyloxy)heptanoic	 acid	 (2.7g).	 	 Following	general	procedure	A,	using	2.6g	 (91	mg,	0.40	mmol).	
Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	10/1	followed	by	hexanes/AcOEt	
1/1)	afforded	2.7g	as	an	oil	in	75%	yield	(71	mg).	1H	NMR	(500	MHz,	CDCl3)	δ	7.42	–	7.24	(m,	5H),	4.51	
(s,	2H),	3.47	(t,	J	=	6.5	Hz,	2H),	2.35	(t,	J	=	7.5	Hz,	2H),	1.72	–	1.55	(m,	4H),	1.48	–	1.32	(m,	4H)	ppm.	13C	
NMR	(101	MHz,	CDCl3)	δ	179.9,	138.6,	129.6,	128.4,	127.8,	73.0,	70.3,	34.0,	29.6,	28.9,	25.9,	24.7	ppm.
	Spectroscopic	
data	for	2.7g	match	those	previously	reported	in	the	literature.104	
	
7-(4-Acetamidophenoxy)heptanoic	 acid	 (2.7h).	 Following	 general	 procedure	 A,	 using	 2.6h	
(108	mg,	 0.40	mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	
10/1	followed	by	hexanes/AcOEt	1/1)	afforded	2.7h	as	a	solid	in	70%	yield	(78	mg).	Mp	162	
°C.	1H	NMR	(400	MHz,	DMSO-d6)	δ	9.77	(s,	1H),	7.44	(d,	J	=	8.9	Hz,	2H),	6.83	(d,	J	=	8.9	Hz,	2H),	
3.88	(t,	J	=	6.5	Hz,	2H),	2.20	(t,	J	=	7.3	Hz,	2H),	1.99	(s,	3H),	1.72	–	1.59	(m,	2H),	1.57	–	1.45	(m,	2H),	1.44	–	1.23	(m,	4H)	
ppm.	13C	NMR	(126	MHz,	DMSO-d6)	δ	174.7,	168.0,	154.6,	132.5,	120.7,	114.5,	67.6,	33.7,	28.7,	28.4,	25.4,	24.6,	23.9	
ppm.	 IR	 (neat,	 cm-1)	 3340,	 2938,	 2909,	 2864,	 2576,	 1704,	 1604,	 1551,	 1511,	 1232,	 1177,	 1040.	 HRMS	 calc.	 for	
[C15H21NO4	-	H],	278.1398	found	278.1409.	
	
7-(4-Acetylphenoxy)heptanoic	 acid	 (2.7i).	 Following	 general	 procedure	 A,	 using	 2.6i	 (102	mg,	
0.40	mmol).	Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	10/1	followed	
by	hexanes/AcOEt	3/1)	afforded	2.7i	as	a	solid	 in	77%	yield	 (86	mg).	Mp	104	°C	 .	 1H	NMR	(500	
MHz,	CDCl3)	δ	7.92	(d,	J	=	8.8	Hz,	2H),	6.91	(d,	J	=	8.8	Hz,	2H),	4.02	(t,	J	=	6.4	Hz,	2H),	2.55	(s,	3H),	
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104	H.	Chen,	Y.	Feng,	Z.	Xu,	T.	Ye,	Tetrahedron.	2005,	6,	11132-11140. 
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2.38	(t,	J	=	7.4	Hz,	2H),	1.87	–	1.77	(m,	2H),	1.73	–	1.65	(m,	2H),	1.56	–	1.38	(m,	4H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	
197.1,	179.3,	163.2,	130.7,	130.3,	114.3,	68.2,	34.0,	29.0,	28.9,	26.5,	25.8,	24.7	ppm.	IR	(neat,	cm-1)	2931,	2873,	2851,	
1683,	1598,	1359,	1308,	1251,	1166	.HRMS	calc.	for	[C15H20O4	-	H],	263.1289	found	263.1287.	
	
7-(4-Formylphenoxy)heptanoic	 acid	 (2.7j).	 Following	 general	 procedure	 A,	 using	 2.6j	 (96	 mg,	
0.40	mmol).	Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	10/1	followed	
by	hexanes/AcOEt	1/1)	afforded	2.7j	as	a	solid	in	74%	yield	(74	mg).	Mp	95	°C	(Lit.103	90-91	°C).	1H	
NMR	(500	MHz,	CDCl3)	δ	9.87	(s,	1H),	7.82	(d,	J	=	8.7	Hz,	2H),	6.98	(d,	J	=	8.7	Hz,	2H),	4.04	(t,	J	=	
6.4	Hz,	2H),	2.39	(t,	J	=	7.4	Hz,	2H),	1.89	–	1.78	(m,	2H),	1.65	–	1.73	(m,	2H),	1.57	–	1.40	(m,	4H)	ppm.	13C	NMR	(101	
MHz,	CDCl3)	δ	191.1,	179.8,	164.3,	132.1,	129.8,	114.9,	68.32,	34.0,	29.0,	28.8,	25.8,	24.6	ppm.	Spectroscopic	data	for	
2.7j	match	those	previously	reported	in	the	literature.103	
	
7-(3-(Trifluoromethyl)phenoxy)heptanoic	acid	 (2.7k).	Following	general	procedure	A,	using	2.6k	
(112	mg,	0.40	mmol).	Purification	by	column	chromatography	on	silica	gel	 (hexanes/AcOEt	10/1	
followed	by	hexanes/AcOEt	1/1)	afforded	2.7k	as	an	oil	in	77%	yield	(80	mg).	1H	NMR	(400	MHz,	
CDCl3)	δ	7.40	–	7.34	(m,	1H),	7.19	(ddt,	J	=	7.9,	1.8,	1.0	Hz,	1H),	7.11	(t,	J	=	2.0	Hz,	1H),	7.05	(dd,	J	=	
8.3,	2.6	Hz,	1H),	3.98	(t,	J	=	6.4	Hz,	2H),	2.39	(t,	J	=	7.4	Hz,	2H),	1.80	(dt,	J	=	8.2,	6.4	Hz,	2H),	1.74	–	1.62	(m,	2H),	1.56	–	
1.40	(m,	4H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	180.4,	159.3,	131.9	(q,	J	=	32.2	Hz),	130.0,	124.2	(q,	J	=	272.4	Hz),	118.1	
(d	=	1.5	Hz),	117.32	 (q,	 J	=	4.0	Hz),	111.3	 (q,	 J	=	3.9	Hz),	68.2,	34.1,	29.0,	28.9,	25.8,	24.7	ppm.	 19F	NMR	(376	MHz,	
CDCl3)	δ	-62.4	ppm.	IR	(neat,	cm
-1)	2939,	2864,	1706,	1591,	1493,	1450,	1327,	1237,	1163,	1121,	1065.	HRMS	calc.	for	
[C14H17F3O3-	H],	289.1057	found	289.1060.
		
	
Undecanoic	acid	(2.7l).		Following	the	general	procedure	A,	using	2.6l	(71	mg,	0.40	mmol).	Purification	
by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 20/1	 followed	 by	 hexanes/AcOEt	 1/1)	
afforded	2l	as	an	oil	in	55%	yield	(41	mg).	1H	NMR	(500	MHz,	CDCl3)	δ	2.34	(t,	J	=	7.5	Hz,	2H),	1.63	(dd,	J	
=	7.5	Hz,	2H),	1.36	–	1.22	(m,	14H),	0.88	(t,	J	=	6.9	Hz,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	180.6,	34.3,	
32.0,	29.7,	29.6,	29.4,	29.4,	29.3,	24.8,	22.8,	14.2	ppm.	Spectroscopic	data	for	2.7l	match	those	previously	reported	in	
the	literature.105	
	
9-hydroxynonanoic	 acid	 (2.7m).	 Following	 general	 procedure	 A,	 using	 2.6m	 (66	 mg,	 0.40	 mmol).	
Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	10/1	followed	by	hexanes/AcOEt	
1/1)	afforded	2.7m	as	a	solid	in	51%	yield	(35	mg).	Mp	50	°C	(Lit.106	51	°C).	1H	NMR	(500	MHz,	CDCl3)	δ	
3.63	(t,	J	=	6.6	Hz,	2H),	2.33	(t,	J	=	7.5	Hz,	2H),	1.67	–	1.59	(m,	2H),	1.59	–	1.51	(m,	2H),	1.37	–	1.29	(m,	
9H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	179.5,	63.1,	34.2,	32.7,	29.8,	29.3,	29.1,	25.7,	24.8	ppm.	Spectroscopic	data	for	
2.7m	match	those	previously	reported	in	the	literature.106	
	
7-(Pivaloyloxy)heptanoic	 acid	 (2.7n).	 Following	 the	 general	 procedure	 A,	 using	 2.6n	 (88	 mg,	 0.40	
mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	 followed	 by	
hexanes/AcOEt	1/1)	afforded	2.7n	as	an	oil	in	86%	yield	(79	mg).	1H	NMR	(500	MHz,	CDCl3)	δ	4.03	(t,	J	
=	6.6	Hz,	2H),	2.34	(t,	 J	=	7.5	Hz,	2H),	1.69	–	1.55	(m,	4H),	1.42	–	1.33	(m,	4H),	1.18	(s,	9H)	ppm.	13C	
NMR	(126	MHz,	CDCl3)	δ	179.9,	178.8,	64.4,	38.9,	34.0,	28.7,	28.5,	27.3,	25.7,	24.6	ppm.	Spectroscopic	data	for	2.7n	
match	those	previously	reported	in	the	literature.103	
	
7-((tert-Butoxycarbonyl)amino)heptanoic	 acid	 (2.7o).	 Following	 general	 procedure	 A,	 using	 2.6o	
(94	 mg,	 0.40	 mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	
followed	by	hexanes/AcOEt	1/1)	afforded	2.7o	as	a	solid	in	64%	yield	(63	mg).	Mp	39	°C	(Lit.107	47-49	
°C).	 It	 is	a	mixture	of	 two	rotamers	1H	NMR	(300	MHz,	CDCl3).	δ	5.71	 (brs,	1/3	H),	4.56	 (s,	2/3	H),	
3.18	–	2.97	(m,	2H),	2.33	(t,	J	=	7.4	Hz,	2H),	1.63	(t,	J	=	7.3	Hz,	2H),	1.53–1.39	(m,	2H),	1.46	–	1.41	(s,	
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9H),	1.40-1.29	 (m,	4H)	ppm.	 13C	NMR	(126	MHz,	CDCl3)	δ	179.1,	156.2,	79.3,	40.6,	34.1,	29.9,	28.8,	28.5,	26.5,	24.7	
ppm.	Spectroscopic	data	for	2.7o	match	those	previously	reported	in	the	literature.107		
	
7-((tert-Butyldiphenylsilyl)oxy)heptanoic	acid	(2.7p).		Following	general	procedure	A,	using	2.6p	(150	
mg,	0.40	mmol).	Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	10/1	followed	by	
hexanes/AcOEt	1/1)	afforded	2.7p	as	an	oil	 in	50%	yield	 (78	mg).	 1H	NMR	(400	MHz,	CDCl3)	δ	7.76	–	
7.66	(m,	4H),	7.49	–	7.36	(m,	6H),	3.68	(t,	J	=	6.4	Hz,	2H),	2.35	(t,	J	=	7.5	Hz,	2H),	1.72	–	1.54	(m,	4H),	
1.47	–	1.29	(m,	4H),	1.08	(s,	9H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	180.3,	135.7,	134.2,	129.6,	127.7,	63.9,	34.2,	32.5,	
28.9,	27.0,	25.6,	24.8,	19.4	ppm.	Spectroscopic	data	for	2.7p	match	those	previously	reported	in	the	literature.108	
	
8-Cyano-8-methylnonanoic	 acid	 (2.7q).	 	 Following	 general	 procedure	 A,	 using	 2.6q	 (75	 mg,	 0.40	
mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	 followed	 by	
hexanes/AcOEt	1/1)	afforded	2.7q	as	an	oil	in	85%	yield	(67	mg).	1H	NMR	(400	MHz,	CDCl3)	δ	2.36	(td,	J	
=	7.4,	1.4	Hz,	2H),	1.69	–	1.60	(m,	2H),	1.52	–	1.46	(m,	4H),	1.36	(dd,	J	=	6.2,	3.3	Hz,	4H),	1.33	(d,	J	=	1.0	
Hz,	6H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	179.9,	125.3,	4.1,	34.0,	32.5,	29.3,	28.9,	26.8,	25.2,	24.6	ppm.	
IR	(neat,	cm-1):	3036,	2976,	2935,	2861,	1705,	1459,	1412,	1278,	1234,	1207.	HRMS	calc.	for	[C11H19NO	-	H],	196.1343	
found	196.1349.	
	
7-(4-Hydroxyphenyl)heptanoic	acid	(2.7r).		Following	general	procedure	A,	using	2.6r	(85	mg,	0.40	
mmol,	 1.0	 equiv.).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	
followed	by	hexanes/AcOEt	1/1)	afforded	2.7r	as	a	solid	 in	77%	yield	 (68	mg).	Following	general	
procedure	A	at	a	1.5	mmol	scale,	using	2.6r	(319	mg,	1.5	mmol,	1.0	equiv.).	Purification	by	column	
chromatography	on	 silica	gel	 (hexanes/AcOEt	10/1	 followed	by	hexanes/AcOEt	1/1)	afforded	2.7r	as	a	 solid	 in	70%	
yield	(233	mg).	Mp	83	°C	(Lit.109	87-89	°C).	1H	NMR	(500	MHz,	CDCl3)	δ	7.02	(d,	J	=	8.2	Hz,	2H),	6.75	(d,	J	=	8.3	Hz,	2H),	
2.52	(t,	J	=	7.4	Hz,	2H),	2.36	(t,	J	=	7.4	Hz,	2H),	1.69	–	1.49	(m,	4H),	1.42	–	1.27	(m,	4H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	
δ	 179.2,	 153.6,	 135.0,	 129.6,	 115.2,	 35.0,	 34.0,	 31.6,	 29.0,	 28.9,	 24.7.	 Spectroscopic	 data	 for	 2.7r	 match	 those	
previously	reported	in	the	literature.103	
	
7-(4-(Pivaloyloxy)phenyl)heptanoic	 acid	 (2.7s).	 	 Following	general	procedure	A,	using	2.6s	 (119	
mg,	 0.40	 mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	
followed	by	hexanes/AcOEt	1/1)	afforded	2.7s	as	a	solid	in	80%	yield	(99	mg).	Mp	82	°C	(Lit.	103	82-
83	°C).	1H	NMR	(500	MHz,	CDCl3)	δ	7.16	(d,	J	=	8.5	Hz,	2H),	6.95	(d,	J	=	8.4	Hz,	2H),	2.59	(t,	J	=	7.5	
Hz,	2H),	2.34	 (t,	 J	 =	7.5	Hz,	2H),	1.67	–	1.57	 (m,	4H),	1.35	 (s,	14H)	ppm.	 13C	NMR	 (126	MHz,	CDCl3)	δ	179.8,	177.4,	
149.2,	140.0,	129.3,	121.3,	39.2,	35.35,	34.1,	31.3,	29.0,	28.9,	27.3,	24.7	ppm.	Spectroscopic	data	for	2.7s	match	those	
previously	reported	in	the	literature.103	
	
3-Ethylheptanoic	 acid	 (2.7t).	 	 Following	 general	 procedure	 A,	 using	 2.6t	 (65	 mg,	 0.40	 mmol).	
Purification	by	column	chromatography	on	silica	gel	(hexanes	followed	by	hexanes/AcOEt	3/1)	afforded	
2.7t	as	an	oil	in	49%	yield	(36	mg).	1H	NMR	(500	MHz,	CDCl3)	δ	2.28	(d,	J	=	6.9	Hz,	2H),	1.92	–1.69	(m,	
1H),	1.45	–	1.22	(m,	8H),	0.89	(td,	J	=	7.1,	3.7	Hz,	6H)	ppm.		13C	NMR	(126	MHz,	CDCl3)	δ	180.2,	38.7,	
36.4,	 33.1,	 28.9,	 26.4,	 23.0,	 14.2,	 10.9	 ppm.	 Spectroscopic	 data	 for	 2.7t	 match	 those	 previously	 reported	 in	 the	
literature.103	
	
8-methylnon-7-enoic	 acid	 (2.7u).	 	 Following	 general	 procedure	 A,	 using	 2.6u	 (64	 mg,	 0.40	 mmol).	
Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	10/1	followed	by	hexanes/AcOEt	
1/1)	afforded	2.7u	as	an	oil	in	75%	yield	(52	mg).	1H	NMR	(400	MHz,	CDCl3)	δ	5.10	(dddd,	J	=	7.2,	5.7,	
2.8,	1.4	Hz,	1H),	2.35	(t,	J	=	7.5	Hz,	2H),	2.05	–	1.91	(m,	2H),	1.73	–	1.54	(m,	8H),	1.34	(ddd,	J	=	7.3,	4.4,	
3.1	Hz,	4H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	180.1,	131.6,	124.6,	34.2,	29.60,	28.9,	28.0,	25.8,	24.8,	
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17.8	ppm.	 IR	 (neat,	cm-1)	2977,	2935,	2860,	1705,	1459,	1412,	1235.	HRMS	calc.	 for	 [C10H18O2	 -	H],	169.1234	 found	
169.1231.	
	(R)-5-((3R,5R,8R,9S,10S,13R,14S,17R)-3-hydroxy-10,13-dimethylhexadecahydro-
1H-cyclopenta[a]phenanthren-17-yl)hexanoic	 acid	 (2.7v).	 Following	 general	
procedure	A,	using	2.6v	(38.1	mg,	0.10	mmol)	for	72	hours.	Purification	by	column	
chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 3/1	 followed	 by	 hexanes/AcOEt	
1/1)	afforded	2.7v	as	a	white	solid	in	53%	yield	(18.7	mg).	M.p.	147-149	°C.	[α]D
25	
=	+24.3	(c	0.155,	CH2Cl2).
1H	NMR	(500	MHz,	CDCl3)	δ	3.63	(ddd,	J	=	11.0,	6.4,	4.4	
Hz,	1H),	2.41	–	2.22	(m,	2H),	2.00	–	1.92	(m,	1H),	1.89	–	1.62	(m,	6H),	1.61	–	1.45	(m,	3H),	1.47	–	1.30	(m,	8H),	1.30	–	
0.99	(m,	10H),	0.98	–	0.95	(m,	1H),	0.93	(s,	3H),	0.91	(s,	3H),	0.64	(s,	3H)	ppm.	IR	(neat,	cm-1):	3036,	2927,	2935,	2861,	
1705,	1459,	1412,	1278,	1234,	1207	13C	NMR	(101	MHz,	CDCl3)	δ	179.3,	72.1,	56.7,	56.2,	42.9,	42.3,	40.6,	40.3,	36.5,	
36.0,	35.7,	35.5,	34.7,	34.5,	30.6,	28.4,	27.4,	26.6,	24.4,	23.5,	21.6,	21.0,	18.7,	12.2	ppm.	Spectroscopic	data	for	2.7v	
match	those	previously	reported	in	the	literature.110	
	
Cyclohexanecarboxylic	 acid	 (2.21a).	 Following	 general	 procedure	 B,	 using	 chlorocyclohexane	 (2.20a)	
(23.7	 mg,	 0.20	 mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 3/1)	
afforded	2.21a	as	a	yellow	oil	in	74%	yield	(19	mg).	1H	NMR	(500	MHz,	CDCl3)	δ	2.33	(ddd,	J	=	11.1,	7.6,	
3.7	Hz,	1H),	1.93	(dd,	J	=	13.6,	3.8	Hz,	2H),	1.76	(dt,	J	=	12.5,	3.5	Hz,	2H),	1.69	–	1.58	(m,	1H),	1.51	–	1.39	(m,	2H),	1.34	–	
1.16	(m,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	182.7,	43.1,	29.0,	25.9,	25.5	ppm.	Spectroscopic	data	for	2.21a	match	
those	previously	reported	in	the	literature.111	
	
Cyclododecanecarboxylic	 acid	 (2.21b).	 Following	 general	 procedure	 B	 at	 50	 °C	 for	 40	 h,	 using	
chlorocyclododecane	 (2.20b)	 (40.5	mg,	 0.20	mmol).	 Purification	 by	 column	 chromatography	 on	
silica	gel	(hexanes/AcOEt	3/1)	afforded	2.21b	as	a	white	solid	in	62%	yield	(26.2	mg).	M.p.	=	93-95	
°C	(Lit.112	95-97	°C).	1H	NMR	(500	MHz,	CDCl3)	δ	2.54	–	2.51	(m,	J	=	6.4	Hz,	1H),	1.64	(q,	J	=	6.3	Hz,	
4H),	 1.50	 –	 1.21	 (m,	 18H)	 ppm.	 13C	 NMR	 (126	 MHz,	 CDCl3)	 δ	 183.3,	 40.4,	 26.7,	 23.8,	 23.7,	 23.6,	 22.6	 ppm.	
Spectroscopic	data	for	2.21b	match	those	previously	reported	in	the	literature.112	
	
	(1S,2R,5S)-2-isopropyl-5-methylcyclohexanecarboxylic	 acid	 (2.21c).	Following	general	procedure	
B,	 using	 (-)-menthyl	 chloride	 (2.20c)	 (34.9	 mg,	 0.20	 mmol)	 at	 80	 °C.	 Purification	 by	 column	
chromatography	on	silica	gel	(hexanes/AcOEt	3/1)	afforded	2.21c	as	a	yellow	oil	in	57%	yield	(20.9	
mg).	 	M.p.	=	58-60	°C	(Lit.113	65-67	°C).	 [α]D
25	=	 -1.35	(c	0.42,	CH2Cl2).
	1H	NMR	(400	MHz,	CDCl3)	δ	
2.34	–	2.27	(m,	1H),	1.92	(dq,	J	=	12.7,	1.4	Hz,	1H),	1.72	(dddd,	J	=	24.8,	12.6,	5.5,	2.9	Hz,	3H),	1.51	(tt,	J	=	12.8,	3.7	Hz,	
1H),	1.37	(tdd,	J	=	11.2,	6.4,	3.3	Hz,	1H),	1.27	–	1.17	(m,	1H),	1.11	–	0.95	(m,	2H),	0.92	(d,	J	=	6.8	Hz,	3H),	0.91	(d,	J	=	6.4	
Hz,	3H),	0.81	(d,	J	=	6.8	Hz,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	183.3,	47.8,	44.4,	39.0,	34.7,	32.2,	29.4,	23.9,	22.4,	
21.4,	16.1	ppm.	Spectroscopic	data	for	2.21c	match	those	previously	reported	in	the	literature.113	
	
1-Adamantanecarboxilic	 acid	 (2.21d).	 Following	 general	 procedure	 B,	 using	 DMA	 and	 Zn,	 and	 1-
chloroadamantane	(2.20d)	(34.1	mg,	0.20	mmol)	at	80	°C.	Purification	by	column	chromatography	on	
silica	gel	(hexanes/AcOEt	3/1)	afforded	2.21d	as	a	yellow	solid	in	41%	yield	(14.6	mg).	M.p.	=	168-170	
°C	(Lit.114	178-180	°C).	1H	NMR	(500	MHz,	CDCl3)	δ	2.04	–	2.01(m,	J	=	3.2	Hz,	3H),	1.91	(d,	J	=	3.0	Hz,	6H),	1.82	–	1.62	
(m,	6H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	184.6,	40.6,	38.7,	36.	6,	28.0	ppm.	Spectroscopic	data	for	2.21d	match	those	
previously	reported	in	the	literature.114	
	 	
                                                
110	A.	N.	Bukiya,	S.	A.	Patil,	W.	Li,	D.	D.	Miller,	A.	M.	Dopico,	ChemMedChem.	2012,	7,	1784-1792.	
111	H.	Ochiai,	M.	Jang,	K.	Hirano,	H.	Yorimitzu,	K.	Oshima,	Org.	Lett.	2008,	10,	2681-2683.	
112	S.	A.	DiBiase,	R.	P.	Wolak	Jr,	D.	M.	Dishong,	J.	W.	Gokel,	J.	Org.	Chem.	1980,	45,	3026-3630.	
113	C.	Spino,	C.	Gobdout,	J.	Am.	Chem.	Soc.	2003,	125,	12106-12107. 
114	CAS:	[828-51-3].	A.	R.	Kar,	D.	A.	Lightner,	J.	Heterocycl.	Chem.	1998,	35,	795-803.	
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Ni-catalyzed	cyclization/carboxylation	of	unactivated	alkyl	chlorides	(Scheme	2.31	and	2.32)	
	
General	procedure	C:	An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	Mn	powder	(1.2	mmol,	3	
eq.),	nBu4NBr	(0.4	mmol,	1eq)	and	L2.13	(0.028	mmol,	7	mol%).	The	schlenk	tube	was	then	introduced	into	a	glovebox	
where	it	was	charged	with	NiBr2·glyme	(0.012	mmol,	3	mol%).		The	tube	was	taken	out	of	the	glovebox	and	connected	
to	a	vacuum	line	where	it	was	evacuated	and	back-filled	under	CO2	flow	for	at	least	3	times.	The	corresponding	alkyl	
chloride	 (0.4	mmol)	 and	 DMF	 (1.6	mL)	 were	 added	 under	 CO2	 flow.	 Once	 added,	 the	 schlenk	 tube	 was	 closed	 at	
atmospheric	pressure	of	CO2	 (1	atm)	and	 stirred	 for	24	hours	at	60	 °C.	 The	mixture	was	quenched	with	2M	HCl	 to	
hydrolyze	the	resulting	carboxylate	and	extracted	3	times	with	AcOEt.	The	combined	organic	 layers	were	dried	over	
MgSO4	 and	 concentrated	 under	 reduced	 pressure.	 The	 products	 were	 purified	 by	 flash	 chromatography	
(hexanes/AcOEt).		
	
General	procedure	D:	An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	Mn	powder	(1.2	mmol,	3	
eq.),	nBu4NBr	(0.4	mmol,	1eq)	and	L2.12	(0.028	mmol,	7	mol%).	The	schlenk	tube	was	then	introduced	into	a	glovebox	
where	it	was	charged	with	NiBr2·glyme	(0.012	mmol,	3	mol%).		The	tube	was	taken	out	of	the	glovebox	and	connected	
to	a	vacuum	line	where	it	was	evacuated	and	back-filled	under	CO2	flow	for	at	least	3	times.	The	corresponding	alkyl	
chloride	 (0.4	mmol)	 and	 DMF	 (1.6	mL)	 were	 added	 under	 CO2	 flow.	 Once	 added,	 the	 schlenk	 tube	 was	 closed	 at	
atmospheric	pressure	of	CO2	 (1	atm)	and	 stirred	 for	24	hours	at	70	 °C.	 The	mixture	was	quenched	with	2M	HCl	 to	
hydrolyze	the	resulting	carboxylate	and	extracted	3	times	with	AcOEt.	The	combined	organic	 layers	were	dried	over	
MgSO4	 and	 concentrated	 under	 reduced	 pressure.	 The	 products	 were	 purified	 by	 flash	 chromatography	
(hexanes/AcOEt).		
	
General	procedure	E:	An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	Mn	powder	(1.2	mmol,	3	
eq.),	 nBu4NBr	 (0.4	 mmol,	 1eq)	 and	 L2.12	 (0.096	 mmol,	 24	 mol%).	 The	 schlenk	 tube	 was	 then	 introduced	 into	 a	
glovebox	where	it	was	charged	with	NiBr2·glyme	(0.04	mmol,	10	mol%).		The	tube	was	taken	out	of	the	glovebox	and	
connected	 to	 a	 vacuum	 line	 where	 it	 was	 evacuated	 and	 back-filled	 under	 CO2	 flow	 for	 at	 least	 3	 times.	 The	
corresponding	alkyl	chloride	(0.4	mmol)	and	DMF	(2.4	mL)	were	added	under	CO2	flow.	Once	added,	the	schlenk	tube	
was	closed	at	atmospheric	pressure	of	CO2	(1	atm)	and	stirred	for	12	hours	at	90	°C.	The	mixture	was	quenched	with	
2M	HCl	to	hydrolyze	the	resulting	carboxylate	and	extracted	3	times	with	AcOEt.	The	combined	organic	 layers	were	
dried	over	MgSO4	 and	 concentrated	under	 reduced	pressure.	 The	products	were	purified	by	 flash	 chromatography	
(hexanes/AcOEt).		
	
2-cyclopentylideneacetic	 acid	 (2.24a).	 Following	general	procedure	C,	using	2.23a	 (47	mg,	0.40	mmol).	
Purification	by	column	chromatography	on	silica	gel	 (pentane/Et2O	30/1	 followed	by	pentane/Et2O	1/1)	
afforded	2.24a	as	a	solid	in	47%	yield	(24	mg).	Mp	50	°C	(Lit.115	51	°C).	1H	NMR	(400	MHz,	CDCl3)	δ	5.83	(q,	
J	=	2.3	Hz,	1H),	2.82	-2.74	(m,	2H),	2.52	–	2.44	(m,	2H),	1.81	–	1.64	(m,	4H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	
δ	172.7,	172.4,	111.4,	36.5,	33.2,	26.5,	25.6	ppm.	Spectroscopic	data	for	2.24a	match	those	previously	reported	in	the	
literature.116	
	
2-cyclopentylidenepropanoic	 acid	 (2.24b).	 Following	 general	 procedure	 C,	 using	 2.23b	 (85	 mg,	 0.40	
mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (pentane/Et2O	 30/1	 followed	 by	
pentane/Et2O	3/1)	afforded	2.24b	as	a	solid	in	55%	yield	(31	mg).	Mp	92	°C	(Lit.
115	100	°C).	1H	NMR	(400	
MHz,	CDCl3)	δ	2.80	–	2.73	(m,	2H),	2.44	–	2.37	(m,	2H),	1.87	(q,	J	=	1.7	Hz,	3H),	1.76	–	1.65	(m,	4H)	ppm.	
13C	NMR	(101	MHz,	CDCl3)	δ	174.0,	164.5,	118.1,	34.9,	34.8,	27.3,	25.7,	16.0	ppm.	Spectroscopic	data	for	2.24b	match	
those	previously	reported	in	the	literature.115	
	
2-cyclopentylidene-2-phenylacetic	acid	(2.24c).	Following	general	procedure	C,	using	2.23c	 (77	mg,	
0.40	mmol).	Purification	by	column	chromatography	on	silica	gel	 (hexanes/AcOEt	30/1	 followed	by	
hexanes/AcOEt	3/1)	afforded	2.24c	as	a	solid	in	80%	yield	(65	mg).	Mp	130	°C	(Lit.116	133	–	135	°C).	
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1H	NMR	(400	MHz,	CDCl3)	δ	7.40	–	7.32	(m,	2H),	7.31	–	7.26	(m,	1H),	7.21	–	7.14	(m,	2H),	2.94	–	2.87	(m,	2H),	2.21	(tt,	J	
=	7.2,	1.2	Hz,	2H),	1.83	–	1.74	 (m,	2H),	1.65	–	1.56	 (m,	2H)	ppm.	 13C	NMR	 (100	MHz,	CDCl3)	δ	172.7,	167.8,	138.7,	
129.3,	128.1,	127.0,	125.1,	36.0,	34.5,	26.8,	25.7	ppm.	Spectroscopic	data	for	2.24c	match	those	previously	reported	in	
the	literature.116	
	
2-cyclopentylidene-2-(4-methoxyphenyl)acetic	 acid	 (2.24d).	 Following	 general	 procedure	 C,	
using	 2.23d	 (89	 mg,	 0.40	 mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	
(hexanes/AcOEt	30/1	 followed	by	hexanes/AcOEt	3/1)	afforded	2.24d	as	a	 solid	 in	76%	yield	
(71	mg).	Mp	143	°C	(Lit.116	153	–	154	°C).	1H	NMR	(400	MHz,	CDCl3)	δ	7.14	–	7.07	(m,	2H),	6.94	–	
6.85	(m,	2H),	3.81	(s,	3H),	2.93	–	2.84	(m,	2H),	2.26	–	2.18	(m,	2H),	1.80-1.73	(m,	2H),	1.62-1.55	(m,	2H)	ppm.	13C	NMR	
(101	MHz,	CDCl3)	δ	172.2,	167.9,	158.6,	131.2,	130.6,	124.5,	113.8,	55.3,	36.2,	34.7,	27.0,	25.9.	Spectroscopic	data	for	
2.24d	match	those	previously	reported	in	the	literature.116	
	
(E)-2-Phenyl-2-(2-phenylcyclopentylidene)acetic	acid	(2.28a).	Following	general	procedure	D,	using	
2.27a	(83	mg,	0.40	mmol).	Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	10/1	
followed	 by	 hexanes/AcOEt	 3/1)	 afforded	 2.28a+2.28a’	 as	 a	 solid	 in	 59%	 yield	 (51	 mg)	
(2.28a:2.28a’=3.2:1).	 Spectra	 for	 the	 major	 product	 2.28a:	 Following	 general	 procedure	 E,	
2.28a+2.28a’	was	obtained	in	69%	yield	(60	mg)	(2.28a:2.28a’=2.2:1).	Mp	102	°C	(Lit.116	114-116	°C	-	4:1	mixture).	1H	
NMR	(500	MHz,	CDCl3)	δ	7.40	–7.32	(m,	2H),	7.32	–7.27	(m,	1H),	7.21	–7.17	(m,	2H),	3.08	–2.94	(m,	1H),	2.93	–2.81	(m,	
1H),	2.78	–2.65	(m,	1H),	1.91	–1.64	(m,	4H),	0.70	(d,	J	=	7.2	Hz,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	172.8,	171.9,	
138.3,	 129.9,	 128.2,	 127.2,	 125.3,	 40.0,	 33.8,	 33.7,	 23.7,	 18.7	 ppm.	 Spectroscopic	 data	 for	 2.28a	 match	 those	
previously	reported	in	the	literature.116	
	
2-(2-ethylcyclopentylidene)-2-phenylacetic	acid	(2.28b).	Following	general	procedure	D,	using	2.27b	
(88	 mg,	 0.40	 mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	
followed	 by	 hexanes/AcOEt	 3/1)	 afforded	 2.28b+2.28b’	 as	 a	 solid	 in	 48%	 yield	 (44	 mg)	
(2.28b:2.28b’=3.6:1).	 Following	 general	 procedure	 E,	 2.28b+2.28b’	 was	 obtained	 in	 60%	 yield	 (55	
mg)	(2.28b:2.28b’=2.4:1).	Mp	108	°C	(Lit.116	118-120	°C	-	4:1	mixture).	Spectra	for	the	major	product	2.28b:	1H	NMR	
(500	MHz,	CDCl3)	δ	7.30	–	7.36	(m,	2H),	7.32	–	7.20	(m,	1H),	7.23	–	7.13	(m,	2H),	3.04	–	2.78	(m,	2H),	2.56	(tdd,	J=	7.4,	
3.6,	1.7	Hz,	1H),	1.86	–	1.51	(m,	4H),	1.11	(ddt,	J=	14.9,	7.5,	3.7	Hz,	1H),	0.99	(ddt,	J=	17.1,	13.4,	7.2	Hz,	1H),	0.58	(t,	J=	
7.4	Hz,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ173.0,	171.1,	138.4,	129.9,	128.2,	127.2,	125.5,	46.9,	34.0,	29.6,	25.2,	
23.9,	12.1	ppm.	Spectroscopic	data	for	2.28b	match	those	previously	reported	in	the	literature.116		
	
(E)-2-(2-Isopropylcyclopentylidene)-2-phenylacetic	 acid	 (2.28c):	 Following	 general	 procedure	 D,	
using	2.27c	(94	mg,	0.40	mmol).	Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	
10/1	 followed	 by	 hexanes/AcOEt	 3/1)	 afforded	 2.28c+2.28c’	 as	 a	 solid	 in	 44%	 yield	 (43	 mg)	
(2.28c:2.28c’	=7.2:1).	Following	general	procedure	E,	2.28c+2.28c’	was	obtained	in	60%	yield	(59	mg)	
(2.28c:2.28c’	=4.6:1).	Mp	133	°C	(Lit.116	174-177	°C	-	pure	2.28c).		Spectra	for	the	major	product	2.28c:	1H	NMR	(500	
MHz,	CDCl3)	δ	7.38	–	7.31	(m,	3H),	7.21	–	7.17	(m,	2H),	3.13	(dtd,	J	=	18.3,	5.2,	4.7,	3.3	Hz,	1H),	2.80	–	2.73	(m,	1H),	
2.66	–	2.57	(m,	1H),	1.76	–	1.55	(m,	4H),	1.35	(dq,	J	=	6.9,	5.3	Hz,	1H),	0.63	(d,	J	=	6.8	Hz,	3H),	0.58	(d,	J	=	6.8	Hz,	3H)	
ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	173.3,	169.6,	138.4,	129.6,	128.0,	127.2,	126.1,	50.6,	35.2,	28.4,	25.7,	24.7,	21.5,	
17.2	ppm.	Spectroscopic	data	for	2.28c	match	those	previously	reported	in	the	literature.116	
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Iterative	cross-coupling	reactions	(Scheme	2.14	and	2.15)	
	
8-chlorooctyl	 2-bromo-5-chlorobenzoate	 (2.8a).	 To	 a	 solution	 of	 2-bromo-4-chlorobenzoic	 acid	
(2.67	 g,	 11.3	 mmol)	 in	 THF	 (50	 mL)	 was	 added	 dicyclohexylcarbodiimide	 (3.50	 gr,	 16.9	 mmol),	
DMAP	 (207	mg,	 1.7	mmol)	 and	8-chlorooctanol	 (2.30	mL,	 13.6	mmol).	After	 stirring	 at	 rt	 for	 16	
hours,	 the	 mixture	 was	 filtered	 and	 concentrated	 under	 vacuum.	 Purification	 by	 flash	 column	
chromatography	in	silica	gel	(hexanes/AcOEt	40/1)	provided	2.8a	as	a	colorless	liquid	in	87%	yield	
(3.7	g,	9.85	mmol).	1H	NMR	(500	MHz,	CDCl3)	δ	7.74	(d,	J	=	2.6	Hz,	1H),	7.58	(d,	J	=	8.5	Hz,	1H),	7.29	
(dd,	J	=	8.6,	2.6	Hz,	1H),	4.33	(t,	J	=	6.7	Hz,	2H),	3.53	(t,	J	=	6.7	Hz,	2H),	1.85	–	1.67	(m,	4H),	1.48	–	1.41	(m,	4H),	1.40	–	
1.32	(m,	4H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	165.2,	135.6,	133.9,	133.5,	132.5,	131.3,	119.7,	66.3,	45.2,	32.7,	29.2,	
28.9,	28.6,	26.9,	26.0	ppm.	IR	(CDCl3,	cm
-1):	2930,	2856,	1733,	1458,	1283,	1237.	HRMS	calc.	for	[C15H19BrCl2O2	+	Na],	
402.9838	found	402.9841.	
	
8-chlorooctyl	 2-(tert-butyl)-5-chlorobenzoate	 (2.8b).	 An	 oven-dried	 schlenk	 tube	 containing	 a	
stirring	 bar	 was	 charged	 with	 Ni(acac)2	 (0.03	 mmol,	 5	 mol%),	 DMAP	 (0.30	 mmol,	 1.00	 equiv),	
MgCl2	 (0.45	mmol,	1.50	equiv)	and	Zn	(0.60	mmol,	2.00	equiv).	The	schlenk	tube	was	evacuated	
and	back-filled	under	Ar	 (this	procedure	was	repeated	three	times).	A	solution	of	2.8a	 (114	mg,	
0.30	mol)	in	anhydrous	DMA	(1.00	mL)	and	tert-butyl	bromide	(0.60	mmol,	2.00	equiv)	were	then	
added.	The	 schlenk	 tube	was	next	 closed	and	and	 stirred	at	 rt	 for	12	hours.117	The	mixture	was	
then	 directly	 loaded	 into	 the	 column	 without	 work-up.	 Purification	 by	 flash	 column	 chromatography	 in	 silica	 gel	
(hexanes/AcOEt	40/1)	provided	2.8b	as	a	colorless	liquid	in	65%	yield	(69.5	mg,	0.19	mmol).	1H	NMR	(400	MHz,	CDCl3)	
δ	7.41	(d,	J	=	8.6	Hz,	1H),	7.32	(dd,	J	=	8.6,	2.4	Hz,	1H),	7.27	(d,	J	=	1.5	Hz,	1H),	4.29	(t,	J	=	6.7	Hz,	2H),	3.54	(t,	J	=	6.7	Hz,	
2H),	1.86	–	1.69	 (m,	4H),	1.49	–	1.31	 (m,	17H)	ppm.	 13C	NMR	(101	MHz,	CDCl3)	δ	170.8,	146.3,	134.8,	131.4,	129.8,	
128.8,	128.6,	66.0,	45.2,	35.9,	32.7,	31.4,	29.2,	28.9,	28.5,	26.9,	26.1	ppm.	 IR	 (CDCl3,	cm
-1):	2952,	2862,	1723,	1484,	
1466,	1287,	1247.	HRMS	calc.	for	[C19H28Cl2O2	+	Na],	381.1359	found	381.1368.	
	
8-chlorooctyl	 4-(tert-butyl)-[1,1'-biphenyl]-3-carboxylate	 (2.8c).	 An	 oven-dried	 schlenk	 tube	
containing	a	stirring	bar	was	charged	with	XPhos	Pd	G2	(0.02	mmol,	3	mol%),	and	phenylboronic	
acid	 (1.08	 mmol,	 1.50	 equiv).	 The	 schlenk	 tube	 was	 evacuated	 and	 back-filled	 under	 Ar	 (this	
procedure	was	 repeated	 three	 times).	A	 solution	of	2.8b	 (258	mg,	0.72	mmol)	 in	degassed	THF	
(1.40	mL)	and	a	0.5	M	solution	of	K3PO4	in	degassed	H2O	(2.88	mL)	were	then	added.	The	schlenk	
tube	was	next	closed	and	and	stirred	at	rt	for	12	hours.118	Water	and	AcOEt	were	then	added	to	
the	mixture	and	extracted	2	times	with	AcOEt.	The	combined	organic	layers	were	dried	over	MgSO4	and	concentrated	
under	reduced	pressure.	Purification	by	flash	column	chromatography	in	silica	gel	(hexanes/AcOEt	40/1)	provided	2.8c	
as	a	colorless	liquid	in	85%	yield	(243.1	mg,	0.61	mmol).	1H	NMR	(400	MHz,	CDCl3)	δ	7.62	–	7.51	(m,	4H),	7.48	(dd,	J	=	
1.9,	0.6	Hz,	1H),	7.41	(tt,	J	=	6.8,	0.8	Hz,	2H),	7.37	–	7.29	(m,	1H),	4.30	(t,	J	=	6.7	Hz,	2H),	3.49	(t,	J	=	6.7	Hz,	2H),	1.80	–	
1.69	(m,	4H),	1.45	–	1.28	(m,	17H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	172.2,	146.6,	140.0,	138.5,	133.8,	129.0,	128.4,	
127.7,	127.6,	127.4,	127.1,	65.8,	45.2,	35.9,	32.7,	31.5,	29.2,	28.9,	28.6,	26.9,	26.1	ppm.	IR	(CDCl3,	cm
-1):	2932,	2857,	
1722,	1484,	1233,	1069.	HRMS	calc.	for	[C25H33ClO2	+	Na],	423.2061	found	423.2070.	
	
9-((4-(tert-butyl)-[1,1'-biphenyl]-3-carbonyl)oxy)nonanoic	 acid	 (2.8d).	 Following	 the	 general	
procedure	A	starting	from	2.8c	(60.0	mg,	0.15	mmol)	and	LiCl	(6.3	mg,	0.15	mmol,	1.0	equiv)	at	
80	°C.	Purification	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	3/1)	afforded	2.8d	
as	a	pale	yellow	oil	in	60%	yield	(36.9	mg).	1H	NMR	(400	MHz,	CDCl3)	δ	7.64	–	7.55	(m,	4H),	7.51	
(t,	J	=	1.5	Hz,	1H),	7.44	(t,	J	=	7.7	Hz,	2H),	7.39	–	7.32	(m,	1H),	4.32	(t,	J	=	6.7	Hz,	2H),	2.34	(t,	J	=	
7.4	Hz,	2H),	1.82	–	1.72	(m,	2H),	1.68	–	1.56	(m,	2H),	1.45	(s,	9H),	1.42	–	1.29	(m,	8H)	ppm.	13C	
                                                
117	X.	Wang,	S.	Wang,	W.	Xue,	H.	Gong,	J.	Am.	Chem.	Soc.	2015,	137,	11562-11565.	
118	T.	Kinzel,	Y.	Zhang,	S.	L.	Buchwald,	J.	Am.	Chem.	Soc.	2010,	132,	14073-14075. 
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NMR	(101	MHz,	CDCl3)	δ	180.0,	172.2,	146.6,	140.0,	138.5,	133.8,	128.9,	128.3,	127.7,	127.6,	127.4,	127.1,	65.8,	35.9,	
34.1,	31.5,	29.2,	29.1,	28.6,	26.1,	24.8	ppm.	IR	(CDCl3,	cm
-1):	2929,	2857,	1722,	1705,	1484,	1232,	1069.	HRMS	calc.	for	
[C26H34O4	-	H],	409.2384	found	409.2392.	
	
4-chlorobutyl	 2-(2-bromo-5-chlorophenyl)acetate	 (2.11a).	 Following	 a	 procedure	
described	in	the	literature119	starting	from	2-(2-bromo-5-chlorophenyl)acetyl	chloride	(5.36	
g,	20	mmol)	and	THF	(5.4	ml)	and	purification	by	flash	column	chromatography	on	silica	gel	
(hexanes/AcOEt	40/1)	afforded	2.11a	as	a	pale	yellow	oil	in	78%	yield	(5	g	14.7	mmol).	1H	
NMR	(400	MHz,	CDCl3)	δ	7.49	(d,	J	=	8.5	Hz,	1H),	7.29	(d,	J	=	2.5	Hz,	1H),	7.13	(dd,	J	=	8.5,	2.5	
Hz,	1H),	4.19	–	4.14	(m,	2H),	3.75	(s,	2H),	3.56	–	3.50	(m,	2H),	1.81	(dt,	J	=	5.8,	2.7	Hz,	4H)	ppm.	13C	NMR	(101	MHz,	
CDCl3)	δ	169.9,	136.0,	133.9,	133.6,	131.5,	129.1,	123.0,	64.5,	44.5,	41.6,	29.2,	26.1	ppm.	HRMS	calc.	for	[C12H13BrCl2O2	
+	Na],	360.9368	found	360.9378.	
	
tert-butyl	 4-(4-chloro-2-(2-(4-chlorobutoxy)-2-oxoethyl)phenyl)piperidine-1-
carboxylate	(2.11b).	Following	a	procedure	described	in	the	literature120	starting	from	
2.11a	 (51	 mg,	 0.15	 mmol)	 and	 tert-butyl	 4-bromopiperidine-1-carboxylate	 (40	 mg,	
0.15	 mmol)	 and	 purification	 by	 flash	 column	 chromatography	 on	 silica	 gel	
(hexanes/AcOEt	 4/1)	 afforded	 2.11b	 as	 a	 pale	 yellow	 oil	 in	 87%	 yield	 (58	mg,	 0.13	
mmol).	 	1H	NMR	(400	MHz,	CDCl3)	δ	7.23	(dd,	J	=	8.3,	2.3	Hz,	1H),	7.20	(d,	J	=	2.2	Hz,	
1H),	7.16	(d,	J	=	8.4	Hz,	1H),	4.25	(s,	2H),	3.65	(s,	2H),	3.58	–	3.48	(m,	2H),	2.88	–	2.69	(m,	3H),	1.86	–	1.75	(m,	4H),	1.74	
–	1.65	(m,	2H),	1.64	–	1.55	(m,	2H),	1.48	(s,	9H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	171.0,	154.9,	142.9,	133.4,	131.9,	
130.7,	128.1,	128.0,	79.7,	64.5,	45.2,	44.4,	38.6,	38.2,	33.0,	29.2,	28.6,	26.1	ppm.	HRMS	calc.	for	[C22H31Cl2NO4	+	Na],	
466.1522	found	466.1535.	
	
tert-butyl	 4-(3-(2-(4-chlorobutoxy)-2-oxoethyl)-4'-methoxy-[1,1'-biphenyl]-4-
yl)piperidine-1-carboxylate	 (2.11c).	 Following	 a	 procedure	 described	 in	 the	
literature118	starting	from	2.11b	(443	mg,	1	mmol)	and	(4-methoxyphenyl)boronic	acid	
(228	 mg,	 1.5	 mmol)	 and	 purification	 by	 flash	 column	 chromatography	 on	 silica	 gel	
(hexanes/AcOEt	 5/1)	 afforded	2.11c	 as	 a	 pale	 yellow	oil	 in	 97%	 yield	 (502	mg,	 0.97	
mmol).			1H	NMR	(400	MHz,	CDCl3)	δ	7.53	–	7.48	(m,	2H),	7.45	(dd,	J	=	8.1,	2.1	Hz,	1H),	
7.40	(d,	J	=	2.0	Hz,	1H),	7.28	(d,	J	=	8.1	Hz,	1H),	6.99	–	6.94	(m,	2H),	4.27	(s,	2H),	4.16	–	
4.10	(m,	2H),	3.85	(s,	3H),	3.75	(s,	2H),	3.55	–	3.45	(m,	2H),	2.94	–	2.72	(m,	3H),	1.84	–	
1.76	 (m,	5H),	1.76	–	1.60	 (m,	4H),	1.50	 (s,	9H)	ppm.	 13C	NMR	(101	MHz,	CDCl3)	δ	171.7,	159.3,	155.0,	142.7,	139.0,	
133.2,	 132.0,	 129.2,	 128.1,	 127.0,	 126.3,	 114.3,	 79.6,	 64.3,	 55.5,	 44.4,	 39.1,	 38.4,	 33.1,	 298,	 29.2,	 28.6,	 26.2	 ppm.	
HRMS	calc.	for	[C29H38ClNO5	+	Na],	538.2331	found	538.2342.	
	
5-(2-(4-(1-(tert-butoxycarbonyl)piperidin-4-yl)-4'-methoxy-[1,1'-biphenyl]-3-
yl)acetoxy)pentanoic	 acid	 (2.11d).	 Following	 general	 procedure	 A	 starting	 from	
2.11c	 (103	 mg,	 0.2	 mmol)	 and	 LiCl	 (8.5	 mg,	 0.2	 mmol,	 1.0	 equiv)	 at	 80	 °C.	
Purification	 by	 flash	 column	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 4/1	
followed	by	hexanes/AcOEt	1/1)	 afforded	2.11d	 as	 a	dark	brown	oil	 in	 74%	yield	
(78	mg,	0.148	mmol)	1H	NMR	(400	MHz,	CDCl3)	δ	7.53	–	7.47	(m,	2H),	7.45	(dd,	J	=	
8.1,	2.1	Hz,	1H),	7.39	(d,	J	=	2.0	Hz,	1H),	7.27	(d,	J	=	8.4	Hz,	1H),	6.95	(d,	J	=	8.7	Hz,	
2H),	4.26	(s,	2H),	4.16	–	4.06	(m,	2H),	3.84	(s,	3H),	3.74	(s,	2H),	3.00	–	2.71	(m,	3H),	
2.38	 (s,	2H),	1.82	–	1.72	 (m,	2H),	1.72	–	1.58	 (m,	6H),	1.49	 (s,	9H)	ppm.	 13C	NMR	 (126	MHz,	CDCl3)	δ	178.3,	171.7,	
159.2,	155.1,	142.7,	138.9,	133.2,	132.0,	129.2,	128.1,	126.9,	126.2,	114.3,	79.7,	64.6,	55.4,	44.8,	39.1,	38.3,	33.5,	33.1,	
28.6,	28.1,	21.4	ppm.	HRMS	calc.	for	[C30H39NO7	-	H],	524.2654	found	524.2654.	
	
                                                
119	S.	Enthaler,	M.	Weidauer,	Catal.	Lett.	2012,	142,	168-175.	
120	S.	Wang,	Q.	Qian,	H.	Gong,	Org.	Lett.,	2012,	14,	3352-3355.	
Br
O
O
Cl
Cl
O
O
Cl
Cl
N
Boc
O
O Cl
N
Boc
OMe
O
O CO2H
N
Boc
OMe
Ni-Catalyzed	Carboxylation	of	Unactivated	Alkyl	Chlorides	with	CO2	
 94	
Mechanistic	Studies	
	
(1) Stereochemical	course	of	2.12a	and	2.12b	(Scheme	2.16).	
	
The	synthesis	of	9a-b	was	performed	following	a	modified	literature	procedure.121	
	
threo-2-(1-benzyldimethyl)ethyl-1,2-d2	 chloride	 (2.12a).	 Deuteration	 of	 the	 alkyne	 (step	 1):	 an	 oven	 dried	 round-
bottomed	flask	under	argon	was	charged	with	the	terminal	alkyne122	(3.28	g,	20.7	mmol)	dissolved	in	
dry	 THF	 (60	 ml)	 and	 the	 reaction	 cooled	 to	 -78	 °C.	 n-BuLi	 (10	 ml,	 2.5	 M,	 24.8	 mmol)	 was	 added	
dropwise	 and	 the	 reaction	 let	 to	 stir	 for	 30	 min.	 Subsequently	 the	 reaction	 mixture	 was	 carefully	
quenched	with	the	dropwise	addition	of	D2O	(5	ml)	and	the	reaction	stirred	for	1h	at	-78	°C.	The	reaction	was	let	to	
warm	to	rt	and	further	stirred	for	4h.	The	reaction	was	quenched	with	NH4Cl,	extracted	with	Et2O	and	purification	by	
flash	 column	 chromatography	 using	 hexane	 afforded	 the	 deuterated	 alkyne	 in	 87%	 yield	 (2.85	 g,	 17.9	 mmol).	
Reduction	with	DIBAL	(step	2):	a	flame	dried	round-bottomed	flask	under	nitrogen	was	charged	with	the	deuterated	
alkyne	(2.5	g,	15.7	mmol)	and	DIBAL	(28	ml,	1M,	28	mmol)	was	slowly	added	at	rt.	The	reaction	was	heated	to	50	°C	
and	 stirred	 for	 8	 h,	 then	 cooled	 to	 0	 °C	 and	 carefully	 quenched	 with	 HCl	 (20	 ml,	 2M,	 40	 mmol).	 The	 reaction	 is	
extracted	with	Et2O	and	purification	by	flash	column	chromatography	in	pentane	afforded	the	Z-deuterated-alkene	in	
56%	yield	(1.42	g,	8.83	mmol).	Hydroboration-oxidation	(step	3):	BF3OEt2	(1.22g,	8.6	mmol)	was	added	dropwise	into	
NaBD4	(264	mg,	6.3	mmol)	and	the	alkene	(924	mg,	5.7	mmol)	in	THF	(40	ml).	The	mixture	was	then	heated	to	40	°C	
and	stirred	for	3h.	Subsequently,	the	reaction	is	cooled	to	0	°C	and	H2O	(2.7	ml),	NaOH	(2.2	ml,	3M)	and	finally	H2O2	
(2.2	ml,	35%,	dropwise)	are	added	 in	order.	The	 reaction	 is	heated	 to	50	 °C	and	 let	 to	 stir	 for	3h.	Et2O	 is	added	 to	
dilute	 the	 mixture	 and	 NaCl	 is	 added	 until	 no	 more	 dissolved.	 The	 reaction	 mixture	 is	 extracted	 with	 Et2O	 and	
purification	by	flash	column	chromatography	(hexanes/AcOEt	4/1)	afforded	the	syn-deuterated	alcohol	 in	70%	yield	
(724	mg,	4.02	mmol).	Mitsunobu	reaction	(step	4):	a	flame	dried	round	bottomed	flask	was	charged	with	PPh3	(2.29	g,	
8.72	mmol),	4-nitrobenzoic	acid	(1.46	g,	8.72	mmol)	and	the	syn-deuterated	alcohol	(394	mg,	2.18	mmol)	in	THF	(50	
ml).	DEAD	(1.71	g,	9.81	mmol)	 is	added	dropwise	at	0	°C	and	the	reaction	let	to	reach	rt	and	stirred	over	night.	The	
reaction	mixture	 is	 quenched	 with	 1M	 HCl	 and	 extracted	 with	 Et2O.	 Purification	 by	 flash	 column	 chromatography	
(hexanes/AcOEt	15/1)	afforded	the	ester	with	inversed	configuration.	Direct	hydrolysis	(step	5)	of	the	ester	in	a	NaOH	
(20	ml,	5%),	THF	(40	ml)	mixture	and	purification	by	flash	column	chromatography	(hexanes/AcOEt	4/1)	afforded	the	
trans-deuterated	 alcohol	 in	 93%	 yield	 (369	mg,	 2.04	mmol).	 The	 chlorination	 (step	 6)	was	 performed	 following	 an	
exact	experimental	procedure	described	in	the	literature100	starting	from	the	trans-deuterated	alcohol	(369	mg,	2.04	
mmol).	Purification	by	flash	column	chromatography	in	silica	gel	using	pentane	afforded	2.12a	as	a	colorless	liquid	in	
55%	yield	(222	mg,	1.12	mmol).	1H	NMR	(500	MHz,	CDCl3)	δ	7.32	–	7.27	(m,	2H),	7.26	–	7.20	(m,	1H),	7.15	–	7.11	(m,	
2H),	3.57	(d,	J	=	5.1	Hz,	1H),	2.54	(s,	2H),	1.75	(dd,	J	=	3.1,	1.6	Hz,	1H),	0.92	(s,	6H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	
138.5	,	130.7	,	128.0	,	126.3	,	48.8	 ,	44.5	(t,	C-D,	J	=	19.6	Hz),	41.1	(t,	C-D,	 	J	=	22.3	Hz),	34.7	 ,	26.73,	26.72	ppm.	IR	
                                                
121	a)	R.	M.	Netherton,	G.	C.	Fu,	Angew.	Chem.,	Int.	Ed.	2002,	41,	3910-3912.	b)	A.	C.	Bissember,	A.	Levina,	A,	G.	C.	Fu,	J.	Am.	Chem.	Soc.	
2012,	134,	14232-14237.	
122	G.	Henrion,	T.	E.	J.	Chavas,	X.	Le	Goff,	F.	Gagosz,	Angew.	Chem.	Int.	Ed.	2013,	52,	6277-6282. 
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(CDCl3,	cm
-1):	3028,	2958,	2927,	2870,	1494,	1468,	1452,	1367,	725,	700.	HRMS	calc.	for	[C11H12ClD2],	183.0904	found	
183.0901.	
	
erythro-2-(1-ben2-(1-benzyldimethyl)ethyl-1,2-d2	 chloride	 (2.12b).	Starting	 from	the	syn-deuterated	
alcohol	(300	mg,	1.66	mmol)	the	chlorination	(step	4)	was	performed	following	an	exact	experimental	
procedure	 described	 in	 the	 literature100.	 Purification	 by	 flash	 column	 chromatography	 in	 silica	 gel	
using	pentane	afforded	2.12b	as	a	colorless	liquid	in	60%	yield	(197	mg,	0.99	mmol).1H	NMR	(400	MHz,	CDCl3)	δ	7.32	–	
7.27	(m,	2H),	7.25	–	7.19	(m,	1H),	7.16	–	7.08	(m,	2H),	3.56	(d,	J	=	11.7	Hz,	1H),	2.53	(s,	2H),	1.74	(d,	J	=	11.8	Hz,	1H),	
0.91	(s,	6H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	138.5	,	130.7	,	128.0	,	126.3	,	48.8	,	44.5	(t,	C-D,	J	=	20.1	Hz),	41.1	(t,	C-
D,		J	=	23.1	Hz),	34.7,	26.74,	26.72	ppm.	
	
	
2-(1-benzyldimethyl)ethyl-1,2-d2	propionic	acid	(2.13).	Following	general	procedure	A,	using	2.12a	
(40	 mg,	 0.2	 mmol).	 Purification	 by	 column	 chromatography	 on	 silica	 gel	 (pentane/Et2O	 10/1	
followed	 by	 pentane/Et2O	 1/1)	 afforded	 2.13	 as	 an	 oil	 in	 47%	 yield	 (19	 mg).	 Following	 general	
procedure	A,	using	2.12b	 (40	mg,	0.2	mmol),	2.13	was	obtained	as	an	oil	 in	45%	yield	 (18	mg).	 1H	NMR	 (500	MHz,	
CDCl3)	δ	7.31	(dd,	J	=	8.0,	6.5	Hz,	2H),	7.27	–	7.23	(m,	1H),	7.16	–	7.12	(m,	2H),	2.51	(s,	2H),	2.40	(d,	J	=	4.6	Hz	0.5H),	
2.39	 (d,	 J	 =	12.6	Hz	0.5H),	 1.54	 (m,	1H),	 0.85	 (s,	 6H)	ppm.	 13C	NMR	 (126	MHz,	CDCl3)	δ	180.6,	 138.8,	 130.7,	 127.9,	
126.1,	48.4,	36.1	(t,	C-D,	J	=	20.1	Hz),	33.9,	29.3	(t,	C-D,	J	=	20.5	Hz),	26.43,	26.41	ppm.	IR	(CDCl3,	cm
-1):	3028,	2958,	
2927,	2870,	2680,	1702,	1414,	1295,	1226.	HRMS	calc.	for	[C13H15D2O2],	207.1360	found	207.1352.	
	
(2) Radical	scavengers	experiments.	
	
Following	the	general	procedure	A,	using	2.6a	(0.4	mmol,	80	mg)	and	BHT	(0.4	mmol,	88.1	mg)	or	TEMPO	(0.4	mmol,	
62.5	 mg).	 Purification	 by	 column	 chromatography	 (hexanes/AcOEt	 10/1	 followed	 by	 hexanes/AcOEt	 1/1)	 afforded	
2.7a	in	70%	yield	(58.3	mg,	0.28	mmol,	BHT)	and	22%	yield	(18.2	mg,	0.088	mmol,	TEMPO).	
	
(3) Radical	cyclization	experiments.	
	
Experiments	were	carried	out	following	the	general	procedure	A	using	2.14	(24	mg,	0.2	mmol)	increasing	the	catalyst	
loading	of	nickel	from	3	mol%	to	8	mol%	(2.4	equivalents	of	L2.11	respect	to	nickel).	Product	formation	was	quantified	
using	GC-analysis	using	dodecane	as	internal	standard.		
	
(4) Catalytic	experiments	with	2.15	and	2.16.	
	
-	With	complex	2.15.	Following	the	general	procedure	A,	using	2.6a	(0.2	mmol,	40	mg)	and	catalytic	amount	of	2.15	
(0.02	mmol,	14	mg).	Purification	by	column	chromatography	 (hexanes/AcOEt	10/1	 followed	by	hexanes/AcOEt	1/1)	
afforded	2.7a	in	80%	yield	(33.2	mg,	0.16	mmol).	
	
-	With	complex	2.16.	Following	the	general	procedure	A,	using	2.6a	(0.2	mmol,	40	mg)	and	catalytic	amount	of	2.16	
(0.02	mmol,	17	mg).	Purification	by	column	chromatography	 (hexanes/AcOEt	10/1	 followed	by	hexanes/AcOEt	1/1)	
afforded	2.7a	in	80%	yield	(33.2	mg,	0.16	mmol).	
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Me Me
D
D
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(5) Stoichiometric	experiments	with	complexes	2.15	and	2.16.	
	
-	With	nBu4NBr.	Following	general	procedure	A,	using	2.6a	(0.1	mmol,	20	mg)	and	stoichiometric	amount	of	2.15	(0.1	
mmol,	 70	 mg).	 Purification	 by	 column	 chromatography	 (hexanes/AcOEt	 10/1	 followed	 by	 hexanes/AcOEt	 1/1)	
afforded	2.7a	in	60%	yield	(12.5	mg,	0.06	mmol).	Full	conversion	of	1a	was	observed	by	TLC.	
	
-	Without	nBu4NBr.	Following	general	procedure	A,	using	2.6a	(0.1	mmol,	20	mg)	and	stoichiometric	amount	of	2.15	
(0.1	mmol,	70	mg)	in	the	absence	of	nBu4NBr.	Purification	by	column	chromatography	(hexanes/AcOEt	10/1	followed	
by	hexanes/AcOEt	1/1)	afforded	2.7a	in	71%	yield	(14.8	mg,	0.07	mmol).	Full	conversion	of	2.6a	was	observed	by	TLC.	
	
-	With	nBu4NBr	Following	the	general	procedure	A,	using	2.6a	(0.1	mmol,	20	mg)	and	stoichiometric	amount	of	2.16	
(0.1	mmol,	 85	mg).	 Purification	 by	 column	 chromatography	 (hexanes/AcOEt	 10/1	 followed	 by	 hexanes/AcOEt	 1/1)	
afforded	2.7a	in	58%	yield	(12.4	mg,	0.06	mmol).	Full	conversion	of	2.6a	was	observed	by	TLC.	
	
-	Without	nBu4NBr.	Following	general	procedure	A,	using	2.6a	(0.1	mmol,	20	mg)	and	stoichiometric	amount	of	2.16	
(0.1	mmol,	70	mg)	in	the	absence	of	nBu4NBr.	Purification	by	column	chromatography	(hexanes/AcOEt	10/1	followed	
by	hexanes/AcOEt	1/1)	afforded	2.7a	in	40%	yield	(8.3	mg,	0.04	mmol).	Remaining	2.6a	was	observed	by	TLC.		
	
(6) Stoichiometric	experiments	with	complex	2.15	and	2.16	in	the	absence	of	Mn	and	nBu4NBr.	
	
-	With	 complex	 2.15	 (1.0	 equiv).	 Following	 general	 procedure	A,	 using	2.6a	 (0.2	mmol,	 40	mg)	 and	 stoichiometric	
amount	of	2.15	 (0.2	mmol,	140	mg)	in	the	absence	of	Mn	and	nBu4NBr	afforded	2.7aa	 in	80%	yield	(29.5	mg,	0.074	
mmol).	Full	conversion	of	1a	was	observed	by	TLC.	
	
-	With	complex	2.15	(0.5	equiv).	Following	general	procedure	A,	using	2.6a	(0.2	mmol,	40	mg)	and	0.5	equivalents	of	
2.15	(0.1	mmol,	69.9	mg)	in	the	absence	of	Mn	and	nBu4NBr	afforded	2.7aa	in	40%	yield	as	judged	by	quantitative	
1H-
NMR	 spectroscopy	 using	 1,3,5-trimethoxybenzene	 as	 internal	 standard.	 58%	 conversion	 of	 2.6a	 was	 observed	 by	
quantitative	1H-NMR	spectroscopy.	
	
-	With	complex	2.16.	Following	general	procedure	A,	using	2.6a	(0.2	mmol,	40	mg)	and	stoichiometric	amount	of	2.16	
(0.2	mmol,	140	mg)	 in	the	absence	of	Mn	and	nBu4NBr	did	not	afford	any	carboxylation	of	2.6a.	32%	conversion	of	
2.6a	 towards	 the	 β-hydride	 elimination	 products	 was	 observed	 by	 1H-NMR	 spectroscopy	 using	 1,3,5-
trimethoxybenzene	as	internal	standard.		
	
4-(4-methoxyphenyl)butyl	 5-(4-methoxyphenyl)pentanoate	 (2.7aa).	 1H	 NMR	 (400	
MHz,	CDCl3)	δ	7.13	–	7.05	(m,	4H),	6.87	–	6.78	(m,	4H),	4.17	–	4.01	(m,	2H),	3.79	(s,	
3H),	3.79	(s,	3H),	2.62	–	2.53	(m,	4H),	2.32	(t,	J	=	7.1	Hz,	2H),	1.73	–	1.58	(m,	8H)	ppm.	
13C	 NMR	 (101	MHz,	 CDCl3)	 δ	 173.9,	 157.9	 (left),	 157.9	 (right),	 134.4,	 134.3,	 129.4	
(left),	129.4	(right),	113.9	(left),	113.9	(right),	64.3,	55.38	(2C),	34.8,	34.7,	34.3,	31.3,	
28.3,	28.1,	24.7	ppm.	HRMS	calc.	for	[C23H30O4	+	Na],	393.2036	found	393.2051	
	
(7) Cyclic	voltammetry	of	2.15	and	2.16.	
	
Electrochemical	 measurements	 were	 conducted	 on	 a	 VMP3-Biologic	 potentiostat	 with	 a	 three-electrode	 system	
under	 nitrogen	 atmosphere	 in	 a	 deoxygenated	 anhydrous	 DMF	 solution	 of	 tetra-n-butylammonium	
hexafluorophosphate	(0.1	M).	A	glassy	carbon	electrode	was	used	as	a	working	electrode,	a	platinum-wire	was	used	as	
the	 counter	 electrode,	 and	 an	 Ag/AgCl	 (aq)	 electrode	 was	 used	 as	 the	 reference	 electrode.	 Procedure	 for	 the	
measurements:	3	ml	of	a	deoxygenated	DMF	solution	of	TBAPF6	(0.1M)	were	poured	in	an	electrolytic	cell	purged	with	
nitrogen.	Subsequently,	the	blank	was	measured	and	0.5	ml	of	a	14	mM	DMF	solution	of	2.15	or	2.16	were	poured	in	
to	the	electrolytic	cell	to	render	a	2	mM	deoxygenated	solution	of	2.15	or	2.16.Finally,	the	cyclic	voltammetry	of	the	
OMe
O
O OMe
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complexes	was	 performed	 using	 these	 solutions.	 Note:	 similar	 redox	 potentials	 have	 been	 found	 for	 others	 nickel	
complex	bearing	ortho-substituted	phenanthroline	ligands.68	
 	
	
X-Ray	Crystallography	data	for	2.21c	
	
	
Table	1.		Crystal	data	and	structure	refinement	for	2.21c.			
_____________________________________________________________________	
Identification	code		 mo_TMSMenthyl_0m	
Empirical	formula		 C11	H20	O2		
Formula	weight		 184.27	
Temperature		 100(2)	K	
Wavelength		 0.71073	Å	
Crystal	system		 Orthorhombic	
Space	group		 P2(1)2(1)2(1)	
Unit	cell	dimensions	 a	=		7.5167(17)Å	 a=		90°.	
	 b	=		11.505(3)Å	 b	=	90°.	
	 c	=		26.098(7)Å	 g	=		90°.	
Volume	 2256.9(10)	Å3	
Z	 8	
Eº (Ni(0) / Ni(I)) = -1.10 V Eº (Ni(II) / Ni(I)) = -0.281 V
Eº (Fc(I) /Fc(0)) = 0.641 V
NiIINiI
NiINi0
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Density	(calculated)	 1.085	Mg/m3	
Absorption	coefficient	 0.072	mm-1	
F(000)	 	816	
Crystal	size	 	0.35	x	0.15	x	0.08	mm3	
Theta	range	for	data	collection	 1.561	to	27.620°.	
Index	ranges	 -9<=h<=9,-15<=k<=13,-34<=l<=34	
Reflections	collected	 	27958	
Independent	reflections	 5229[R(int)	=	0.0960]	
Completeness	to	theta	=27.620°	 	99.9%		
Absorption	correction	 	Multi-scan	
Max.	and	min.	transmission	 	0.994	and	0.674	
Refinement	method	 	Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 	5229/	0/	241	
Goodness-of-fit	on	F2	 	1.138	
Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0964,	wR2	=	0.2468	
R	indices	(all	data)	 	R1	=	0.1221,	wR2	=	0.2614	
Flack	parameter	 	x	=-0.1(3)	
Largest	diff.	peak	and	hole	 	0.599	and	-0.361	e.Å-3	
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Table	2.			Bond	lengths	[Å]	and	angles	[°]	for	2.21c.	
_____________________________________________________	
Bond	lengths----	
O1A-C1A		 1.248(7)	
O2A-C1A		 1.285(8)	
C1A-C2A		 1.516(8)	
C2A-C3A		 1.545(8)	
C2A-C7A		 1.546(8)	
C3A-C4A		 1.531(8)	
C4A-C11A		 1.529(8)	
C4A-C5A		 1.532(10)	
C5A-C6A		 1.539(9)	
C6A-C7A		 1.534(8)	
C7A-C8A		 1.524(8)	
C8A-C10A		 1.528(9)	
C8A-C9A		 1.543(9)	
O1B-C1B		 1.235(7)	
O2B-C1B		 1.279(7)	
C1B-C2B		 1.523(7)	
C2B-C7B		 1.540(8)	
C2B-C3B		 1.544(8)	
C3B-C4B		 1.523(7)	
C4B-C11B		 1.528(8)	
C4B-C5B		 1.535(9)	
C5B-C6B		 1.534(9)	
C6B-C7B		 1.547(7)	
C7B-C8B		 1.535(7)	
C8B-C9B		 1.522(10)	
C8B-C10B		 1.538(9)	
	
Angles----------	
O1A-C1A-O2A	 124.1(5)	
O1A-C1A-C2A	 120.0(6)	
O2A-C1A-C2A	 115.9(5)	
C1A-C2A-C3A	 109.1(5)	
C1A-C2A-C7A	 112.9(5)	
C3A-C2A-C7A	 111.2(5)	
C4A-C3A-C2A	 111.9(5)	
C11A-C4A-C3A	 110.9(5)	
C11A-C4A-C5A	 112.0(5)	
C3A-C4A-C5A	 109.4(5)	
C4A-C5A-C6A	 112.7(5)	
C7A-C6A-C5A	 112.0(5)	
C8A-C7A-C6A	 114.7(5)	
C8A-C7A-C2A	 113.8(4)	
C6A-C7A-C2A	 107.4(5)	
C7A-C8A-C10A	 114.3(6)	
C7A-C8A-C9A	 111.7(5)	
C10A-C8A-C9A	 110.4(5)	
O1B-C1B-O2B	 125.2(5)	
O1B-C1B-C2B	 120.9(6)	
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O2B-C1B-C2B	 113.8(5)	
C1B-C2B-C7B	 113.6(5)	
C1B-C2B-C3B	 107.9(4)	
C7B-C2B-C3B	 110.4(5)	
C4B-C3B-C2B	 111.4(5)	
C3B-C4B-C11B	 111.7(5)	
C3B-C4B-C5B	 109.2(5)	
C11B-C4B-C5B	 111.7(5)	
C6B-C5B-C4B	 112.9(6)	
C5B-C6B-C7B	 111.3(5)	
C8B-C7B-C2B	 113.5(5)	
C8B-C7B-C6B	 114.2(5)	
C2B-C7B-C6B	 107.8(5)	
C9B-C8B-C7B	 114.0(5)	
C9B-C8B-C10B	 110.4(5)	
C7B-C8B-C10B	 111.9(5)	
-------------------------------------------------------	
	
Table	3.		Torsion	angles	[°]	for	2.21c.	
________________________________________________________________	
O1A-C1A-C2A-C3A	 -106.7(6)	
O2A-C1A-C2A-C3A	 74.5(7)	
O1A-C1A-C2A-C7A	 129.2(6)	
O2A-C1A-C2A-C7A	 -49.6(7)	
C1A-C2A-C3A-C4A	 175.8(5)	
C7A-C2A-C3A-C4A	 -59.1(7)	
C2A-C3A-C4A-C11A	 178.4(6)	
C2A-C3A-C4A-C5A	 54.4(7)	
C11A-C4A-C5A-C6A	 -176.7(6)	
C3A-C4A-C5A-C6A	 -53.3(7)	
C4A-C5A-C6A-C7A	 56.9(8)	
C5A-C6A-C7A-C8A	 174.9(6)	
C5A-C6A-C7A-C2A	 -57.6(7)	
C1A-C2A-C7A-C8A	 -50.4(7)	
C3A-C2A-C7A-C8A	 -173.4(5)	
C1A-C2A-C7A-C6A	 -178.4(5)	
C3A-C2A-C7A-C6A	 58.6(6)	
C6A-C7A-C8A-C10A	 59.8(7)	
C2A-C7A-C8A-C10A	 -64.4(7)	
C6A-C7A-C8A-C9A	 -66.5(8)	
C2A-C7A-C8A-C9A	 169.4(6)	
O1B-C1B-C2B-C7B	 -41.8(7)	
O2B-C1B-C2B-C7B	 137.4(5)	
O1B-C1B-C2B-C3B	 81.0(6)	
O2B-C1B-C2B-C3B	 -99.7(6)	
C1B-C2B-C3B-C4B	 174.3(5)	
C7B-C2B-C3B-C4B	 -60.9(6)	
C2B-C3B-C4B-C11B	 -179.9(5)	
C2B-C3B-C4B-C5B	 56.1(7)	
C3B-C4B-C5B-C6B	 -54.1(7)	
C11B-C4B-C5B-C6B	 -178.2(5)	
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C4B-C5B-C6B-C7B	 56.1(7)	
C1B-C2B-C7B-C8B	 -51.5(7)	
C3B-C2B-C7B-C8B	 -172.9(5)	
C1B-C2B-C7B-C6B	 -179.0(5)	
C3B-C2B-C7B-C6B	 59.5(6)	
C5B-C6B-C7B-C8B	 175.7(6)	
C5B-C6B-C7B-C2B	 -57.2(7)	
C2B-C7B-C8B-C9B	 -61.4(6)	
C6B-C7B-C8B-C9B	 62.7(7)	
C2B-C7B-C8B-C10B	 172.4(5)	
C6B-C7B-C8B-C10B	 -63.5(7)	
-----------------------------------------------------------------	
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X.X.	1H-NMR	and	13C-NMR	Spectra	(primary	carboxylic	acids)	
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X.X.	1H-NMR	and	13C-NMR	Spectra	(secondary	and	tertiary	carboxylic	acids)	
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X.X.	1H-NMR	and	13C-NMR	Spectra	(cyclization/carboxylation	of	alkyl	chlorides).	
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X.X.	1H-NMR	and	13C-NMR	Spectra	(iterative	sequential	cross-coupling	reactions).	
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X.X.	1H-NMR	and	13C-NMR	Spectra	(deuterated	substrates	and	products).	
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X.X.	1H-NMR	and	13C-NMR	Spectra	(Lx,	Ni0	and	NiI	complexes).	
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X.X.	1H-NMR	and	13C-NMR	Spectra	(ester	dimer).	
  
 
 
 
 
 
 
 
	
	
-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
δ [ppm]
8
.0
2
1
.9
5
3
.9
7
2
.8
6
3
.0
6
2
.0
0
4
.2
0
4
.1
4
1
.6
0
1
.6
1
1
.6
1
1
.6
2
1
.6
2
1
.6
2
1
.6
3
1
.6
3
1
.6
4
1
.6
5
1
.6
6
1
.6
6
1
.6
7
1
.6
7
1
.6
7
1
.6
8
1
.6
8
1
.6
8
1
.6
9
2
.3
0
2
.3
2
2
.3
4
2
.5
5
2
.5
7
2
.5
8
2
.5
8
2
.5
9
3
.7
9
3
.7
9
4
.0
6
4
.0
7
4
.0
7
4
.0
8
4
.0
8
4
.0
8
4
.0
9
4
.0
9
4
.0
9
4
.1
0
6
.8
1
6
.8
2
6
.8
3
6
.8
3
6
.8
3
6
.8
4
7
.0
7
7
.0
7
7
.0
8
7
.0
8
7
.0
8
7
.0
9
7
.0
9
7
.1
0
7
.1
0
7
.2
6
 C
D
C
l3
9
.8
0
-100102030405060708090100110120130140150160170180190200210
δ [ppm]
2
4
.7
1
2
8
.1
0
2
8
.3
2
3
1
.2
8
3
4
.3
4
3
4
.6
5
3
4
.7
7
5
5
.3
8
5
5
.3
8
6
4
.3
2
7
7
.1
6
 C
D
C
l3
1
1
3
.8
7
1
1
3
.8
9
1
2
9
.3
6
1
2
9
.3
8
1
3
4
.2
5
1
3
4
.3
6
1
5
7
.8
7
1
5
7
.9
1
1
7
3
.8
7
OMe
O
O OMe
Chapter	3.	Switchable	Site-Selective	Catalytic	Carboxylation	of	Allylic	Alcohols	with	CO2	
	 	
 
Chapter	3.	
	 155	
3.1.	Introduction	
	
3.1.1.	Metal-catalyzed	cross-couplings	and	cross-electrophile	couplings	of	activated	allyl	electrophiles	
	
Allyl-electrophiles	 constitute	 highly	 versatile	 organic	 synthons	 that	 have	 been	 used	 in	 a	 plethora	 of	 synthetic	
methodologies.	Many	of	these	transformations	are	amongst	the	most	valuable	tools	to	build-up	molecular	complexity	
and	 stereochemistry	 available	 to	 chemist.	1,2	Probably	 the	 best	 transformation	 to	 illustrate	 these	 properties	 is	 the	
Tsuji-Trost	 allylation.1	 It	 is	 therefore	not	particularly	 surprising	 that	 these	 transformations	have	 found	 considerable	
echo	 at	 the	 community.	 Allylic	 substitution	 reactions	 commonly	 utilize	 activated	 allylic	 electrophiles,	 a	 transition	
metal	 catalyst	and	a	nucleophile	 (Scheme	3.1,	 left).	 The	electrophiles	are	usually	allylic	halides	or	C-O	electrophiles	
derived	from	the	protection	of	an	allylic	alcohol	in	the	form	of	carbonates,	acetate	or	ester.	While	palladium	is	usually	
the	 preferred	metal,	 the	 possibility	 to	 use	 a	 wide	 variety	 of	 transition	metals	makes	 these	 transformations	 highly	
versatile.		This	has	also	favored	the	development	of	allylic	substitutions	that	allow	the	utilization	of	various	C-,	N-	or	O-
nucleophiles,	 among	 others.	 Additionally,	 this	 has	 also	 contributed	 to	 the	 development	 of	 many	 chiral	 ligands	 of	
different	 families	 to	 achieve	 high	 levels	 of	 regio-,	 stereo-	 and	 enantioselective	 control.	 All	 these	 attributes	 have	
contributed	 to	 the	 implementation	of	 these	 transformations	 in	 the	 total	 synthesis	 of	 natural	 products1a	 and	 in	 the	
pharmaceutical	industry.3	
	
Considering	 the	 great	 success	 of	 these	 transformations,	 it	 is	 not	 surprising	 that	 methodologies	 allowing	 the	
utilization	 of	 allyl-electrophiles	 in	 cross-electrophile	 couplings	 have	 also	 become	 available	 (Scheme	 3.1,	 right).	 In	
contrast	 to	 the	 classical	 nucleophile-electrophile	 regimes,	 the	 utilization	 of	 two	 electrophiles	 limits	 the	 number	 of	
transition	metals	 that	 can	 be	 employed,	 as	 the	 formed	 species	 should	 be	 amenable	 for	 reduction.	 In	 this	 context,	
great	progress	has	been	observed	through	the	utilization	of	Ni	catalysts	due	to	its	ability	to	access	odd	oxidation	states	
in	 the	 presence	 of	 metal	 reductants.	 Indeed,	 during	 the	 last	 decade	 a	 considerable	 number	 of	 Ni-catalyzed	
methodologies	 that	 allowed	 the	 cross-electrophile	 coupling	 between	 activated	 allyl-electrophiles	 and	 aryl-,	 akyl-
halides	or	aldehydes	have	been	reported.	4	Additionally,	 in	2014	our	group	successfully	coupled	allylic	acetates	with	
CO2	 via	 Ni-catalysis	 (Chapter	 1).
5	This	 precedent	 has	 largely	 contributed	 to	 achieving	 the	 results	 described	 in	 this	
chapter.	To	a	lower	extent,	Co-catalysis	has	also	been	employed	in	these	endeavors.	6	
	
	
	
Scheme	3.1.	Metal-catalyzed	cross-couplings	and	cross-electrophile	couplings	of	activated	allylic	electrophiles	
                                                
1	a)	B.	M.	Trost,	D.	L.	Van	Vranken,	Chem.	Rev.	1996,	96,	395-422.	b)	B.	M.	Trost,	M.	L.	Crawley,	Chem.	Rev.	2003,	103,	2921-2944.	c)	B.	M.	
Trost,	J.	Org.	Chem.	2004,	69,	5813-5837.	
2	a)	B.	Sundararaju,	M.	Achard,	C.	Bruneau,	Chem.	Soc.	Rev.	2012,	41,	4467-4483.	b)	N.	A.	Butt,	W.	Zhang,	Chem.	Soc.	Rev.	2015,	44,	7929-
7967.	
3	M.	L.	Crawley,	B.	M.	Trost,	Applications	of	transition	metal	catalysis	 in	drug	discovery	and	development.	An	 industrial	perspective,	 John	
Wiley	&	Sons,	Inc,	2012.	
4	a)	C.	E.	I.	Knappke,	S.	Grupe,	D.	Gärtner,	M.	Corpet,		C.	Gosmini,	A.	Jacobi	von	Wangelin,	Chem.	Eur.	J.	2014,	20,	6828-6842.	b)	L.	L.	Anka-
Lufford,	M.	R.	Prinsell,	D.	J.	Weix,	J.	Org.	Chem.	2012,	77,	9989-10000.	c)	S.	Wang,	Q.	Qian,	H.	Gong,	Org.	Lett.	2012,	14,	3352-3355.	d)	Z.	
Tan,	X.	Wan,	Z.	Zang,	Q.	Qian,	W.	Deng,	H.	Gong,	Chem.	Commun.	2014,	50,	3827.	e)	X.	Cui,	S.	Wang,	Y.	Zhang,	W.	Deng,	Q.	Qian,	H.	Gong,	
Org.	Biomol.	Chem.,	2013,	11,	3094-3097.	f)	Y.	Dai,	F.	Wu,	Z.	Zang,	H.	You,	H.	Gong,	Chem.	Eur.	J.	2012,	18,	808-812.	g)	H.	Chen,	X.	Jia,	Y.	Yu,	
Q.	Qian,	H.	Gong,	Angew.	Chem.	Int.	Ed.	2017,	56,	13103-13106.	
5	T.	Moragas,	J.	Cornella,	R.	Martin,	J.	Am.	Chem.	Soc.	2014,	136,	17702-17705. 
6	a)	P.	Gomes,	C.	Gosmini,	J.	Périchon,	Org.	Lett.	2003,	5,	1043-1045,	b)	X.	Qian,	A.	Auffrant,	A.	Felouat,	C.	Gosmini,	Angew.	Chem.	Int.	Ed.	
2011,	50,	10402-10405. 
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3.1.2.	Metal-catalyzed	cross-coupling	of	allylic	alcohols	
	
As	 described	 in	 the	 previous	 section,	 high	 levels	 of	 sophistication	 have	 been	 reached	 by	 using	 activated	 allyl	
electrophiles	 containing	good	 leaving	groups,	 such	as	halides,	 esters	or	 carbonates,	 among	others.	 This	 is	primarily	
due	to	the	low	binding	affinity	of	these	leaving	groups,	which	enables	fast	generation	of	catalytically	active	metal-allyl	
species	upon	oxidative	addition.	 In	contrast,	allylic	alcohols	were	 initially	 regarded	as	 inert	electrophiles	due	 to	 the	
presence	of	the	hydroxyl	group,	which	is	known	to	be	a	poor	leaving	group	with	high	binding	affinity	(Scheme	3.2).7	
However,	 the	 direct	 substitution	 of	 allylic	 alcohols	 represents	 a	 greener,	 cheaper	 and	 more	 atom	 economical	
alternative,	 as	 the	only	generated	byproduct	 is	water.	Consequently,	 the	direct	utilization	of	 readily	available	allylic	
alcohols	has	become	an	attractive	approach,	which	requires	either	the	previous	activation	of	the	hydroxyl	group,	or	
the	use	of	a	metal-catalyst	able	to	activate	these	inherently	unreactive	electrophiles.	8		Although	the	vast	majority	of	
the	 reported	 transformations	 utilizing	 allylic	 alcohols	 are	 linear-selective	 Pd-catalyzed	 nucleophilic	 allylations, 9	
significant	 amount	 of	 branched-selective	 Ru-	 and	 Ir-catalyzed	 transformations	 have	 also	 been	 reported.10	As	 in	 the	
substitutions	of	activated	allyl	electrophiles,	allylic	alcohols	have	been	mainly	used	in	C-C,	C-N	and	C-O	bond	forming	
reactions.		
	
Scheme	3.2.	General	properties	of	the	different	C-O	allyl-electrophiles.	
	
3.1.2.1.	Pd-catalyzed	cross-coupling	of	allylic	alcohols	
	
Different	 strategies	enable	 the	selective	activation	of	 the	hydroxyl	group	of	allylic	alcohols	 in	 the	presence	of	Pd-
catalysts	(Scheme	3.3).	In	2004,	Oshima	et	al.	demonstrated	that	the	utilization	of	water	as	solvent	could	play	a	crucial	
role	 in	 the	activation	of	 these	electrophiles. 11 Water	was	proposed	to	have	a	double	effect	hydrating	 the	allylic	OH	
group,	which	 triggers	 the	 elimination	 of	 the	 hydroxide	 anion,	 and	 stabilizing	 this	 anion	 by	 strong	 solvation.	 In	 this	
manner,	using	water	soluble	catalytic	species	generated	from	[PdCl(η3-C3H5)]2	and	TPPTS	allowed	the	reactions	to	be	
carried	 out	 at	 room	 temperature	 in	 AcOEt-H2O	mixtures.	 In	 a	 similar	manner,	 in	 2009	 Lipshutz	 demonstrated	 that	
surfactants	 could	 enable	 the	 activation	 of	 allylic	 alcohols	 in	 water,	 avoiding	 the	 need	 for	 water-soluble	 ligands.	12	
While	PTS	surfactant	generates	nanomicellar	microreactors	where	Pd-catalysis	can	function,	methyl	formate	enables	
the	 labilization	of	the	hydroxyl	group	through	the	elimination	of	methanol	and	formate	anion.	 In	2003	Manabe	and	
Kobayashi	 reported	a	 carboxylic	 acid-assisted	activation	of	 allylic	 alcohols	under	aqueous	 conditions.13	The	 reaction	
demonstrated	 to	 be	 quite	 efficient	 being	 completed	 within	 10–90	 minutes	 in	 the	 absence	 of	 any	 water-soluble	
phosphine	ligand.	Among	the	carboxylic	acids	employed,	adamantyl	carboxylic	acid	led	to	the	best	performances.	 In	
2009,	 Breit	 improved	 this	 concept	 simultaneously	 activating	 allylic	 alcohols	 and	 carbonyl	 compounds	 through	 the	
                                                
7	S.	J.	Blanksby,	G.	B.	Ellsion,	Acc.	Chem.	Res.	2003,	36,	255-263.	
8	For	 selected	 reviews	 on	 the	 utilization	 of	 allylic	 alcohols	 see:	 a)	 N.	 A.	 Butt,	 W.	 Zhang,	 Chem.	 Soc.	 Rev.	 2015,	 44,	 7929-7967.	 b)	 B.	
Sundararaju,	M.	Achard,	C.	Bruneau,	Chem.	Soc.	Rev.	2012,	41,	4467-4483.	
9	For	selected	reviews	using	Pd-catalysis	see:	Y.	Tamaru,	Eur.	J.	Org.	Chem.,	2005,	2647-2656.	b)	J.	Muzart,	Tetrahedron,	2005,	61,	4179-
4212.	c)	J.	Muzart,	Eur.	J.	Org.	Chem.,	2007,	3077-3089.	
10	For	 selected	 reviews	 using	 Ru-,	 Ir-	 and	Ni-catalysis	 see:	 a)	M.	 Bandini	 and	M.	 Tragni,	Org.	 Biomol.	 Chem.,	2009,	7,	 1501-1507.	 b)	M.	
Bandini,	Angew.	Chem.,	Int.	Ed.,	2011,	50,	994-995.	c)	M.	Bandini,	G.	Cera,	M.	Chiarucci,	Synthesis,	2012,	504-512.	
11	H.	Kinoshita,	H.	Shinokubo,	K.	Oshima,	Org.	Lett.,	2004,	6,	4085-4088.		
12	T.	Nishikata,	B.	H.	Lipshutz,	Org.	Lett.,	2009,	11,	2377-2379.	
13	K.	Manabe,	S.	Kobayashi,	Org.	Lett.,	2003,	5,	3241-3244.			
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utilization	 of	 (DL)-proline.14	While	 the	 carboxylic	 acid	 of	 proline	might	 trigger	 the	 ionization	 step	 of	 the	 palladium	
olefin	complex	through	hydrogen	bonding	and	protonation	of	the	hydroxyl-leaving	group,	the	secondary	amine	could	
enolize ketones	 or	 aldehydes.	Overall,	 this	would	 result	 in	 the	 formation	 of	 a	 tight	 ion	 pair	 between	 the	 enamine	
nucleophile	 and	 the	π-allyl	 palladium	electrophile,	 thus	 enhancing	 allylation.	 Finally,	 allylic	 alcohols	 have	 also	 been	
activated	towards	Pd-catalyzed	C-,	N-	or	O-substitution	through	the	utilization	of	different	Lewis	acids.	In	this	context,	
different	activators	based	on	As,	B	and	Ti	have	been	employed	for	the	in-situ	formation	of	allyl-oxides	or	the	reduction	
of	the	C-O	bond	strength	through	Lewis	acid	coordination,	thus	enhancing	oxidative	addition	to	Pd(0).		
 
 
Scheme	3.3.	In	situ	activation	of	allylic	alcohols	and	catalysis	with	Pd(0)	species.	
 
3.1.2.2.	Ru-,	Ir	and	Ni-catalyzed	cross-coupling	of	allylic	alcohols	
	
The	 utilization	 of	 Ru	 as	 catalyst	 to	 perform	 allylic	 substitutions	 on	 allylic	 alcohols	 is	more	 recent	 than	 palladium	
(Scheme	3.4,	left).	Since	the	first	report	describing	the	utilization	of	[RuCl2(PPh3)3]	as	precatalyst	to	form	allylic	ethers	
from	 allylic	 alcohols,15	many	 cyclopentadienyl	 Ru(II)-complexes	 have	 been	 described	 as	 efficient	 catalysts	 for	 this	
substitution.16	Although	 in	some	transformations	the	use	of	an	activator	seems	not	 to	be	essential,	 the	presence	of	
sulfonic	acids	has	a	beneficial	effect	on	the	reaction	rates.16b,17	These	methodologies	have	been	extended	to	a	wide	
variety	of	C-,	N-	O-	and	S-nucleophiles	 for	 the	selective	 formation	of	branched	products.18	The	 remarkable	 levels	of	
branched-selectivity	 have	 allowed	 the	 development	 of	 some	 enatioselective	 allylic	 substitutions,	 as	 for	 example	
through	 the	 use	 of	 N,O-ligands	 arising	 from	 2-quinolinecarboxylic	 acid.19 	However,	 the	 major	 breakthrough	 in	
enantioselective	substitutions	of	allylic	alcohols	probably	comes	from	the	utilization	of	Ir-catalysts	(Scheme	3.4,	right).	
Helmchen	 reported	 the	 first	 enantioselective	 contribution	 describing	 the	 unsymmetrical	 coupling	 of	 allylic	 alcohols	
with	 C-nucleophiles	 in	 high	 levels	 of	 regio-	 and	 enantioselectivity	 through	 the	 utilization	 of	 [IrCl(COD)]2	 and	
phosphinooxazoline	 ligands.20	Subsequently,	 Hartwig	 reported	 the	 successful	 activation	 of	 various	 unsymmetrical	
                                                
14	I.	Usui,	S.	Schmidt,	B.	Breit,	Org.	Lett.,	2009,	11,	1453-1456.	
15	D.	Wang,	C.-J.	Li,	Synth.	Commun.,	1998,	28,	507-515.		
16	For	selected	references	see:	a)	R.	C.	van	der	Drift,	M.	Vailati,	E.	Bouwmann.	E.	Drent,	J.	Mol.	Catal.	A:	Chem.,	2000,	159,	163-177.	b)	J.	A.	
van	Rijn,	M.	Lutz,	L.	S.	von	Chrzanowski,	A.	L.	Spek,	E.	Bouwmann,	E.	Drent,	Adv.	Synth.	Catal,	2009,	351,	1637-1647.	
17	J.	A.	van	Rijn,	M.	A.	Siegler,	A.	L.	Spek,	E.	Bouwmann,	E.	Drent,	Organometallics,	2009,	28,	7006-7014.	
18	a)	J.	A.	van	Rijn,	M.	C.	Guijt,	D.	de	Vries,	E.	Bouwmann,	E.	Drent,	Appl.	Organomet.	Chem.,	2011,	25,	212-219.	b)	H.	Saburi,	S.	Tanaka,	M.	
Kitamura,	Angew.	Chem.,	Int.	Ed.,	2005,	44,	1730-1732.	c)	S.	Tanaka,	H.	Saburi,	M.	Kitamura,	Adv.	Synth.	Catal.,	2006,	348,	375-378.		
19	S.	Tanaka,	T.	Seki,	M.	Kitamura,	Angew.	Chem.,	Int.	Ed.,	2009,	48,	8948-8951.	
20	C.	Garcia-Yebra,	J.	P.	Janssen,	F.	Rominger,	G.	Helmchen,	Organometallics,	2004,	23,	5459-5470.	
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allylic	 alcohols	 towards	 allylic	 amination	 using	 iridium	 complexes	 bearing	 optically	 pure	 phosphoramidite	 ligand.21	
Stoichiometric	amounts	of	Lewis	acids	such	as	titanium	tetraalkoxide,	or	catalytic	quantity	of	BPh3	served	as	alcohol	
activators,	achieving	excellent	levels	of	regio-	and	enantiocontrol.	Carreira	made	significant	contributions	through	the	
utilization	of	sulfamic	acid	(+NH3SO3
-),	which	acts	as	an	aminating	reagent	and	direct	activator	of	the	allylic	alcohol.22	
This	reagent	allowed	the	allylic	amination	of	various	secondary	allylic	alcohols	in	good	yields	and	ee.		
	
 	
Scheme	3.4.	In	situ	activation	of	allylic	alcohols	and	catalysis	with	Ru	and	Ir	species.	
	
Although	other	metals	 such	as	Ni,	Pt	and	Mo	have	been	successfully	used	 in	 the	activation	of	allylic	alcohols,	 the	
amount	of	publications	using	these	metals	is	negligible	when	compared	to	the	use	of	Pd,	Ru	or	Ir.	Among	these,	the	
use	of	nickel	stands	out,	considering	that	 in	the	presence	of	mild	activators	or	no	activators	at	all,	C-O	cleavage	can	
occur	 affording	 allylic	 substitutions	 with	 nucleophiles	 (Scheme	 3.5).	 Tojo	 described	 the	 first	 Ni-catalyzed	 allylic	
substitution	 using	 allylic	 alcohols	 as	 early	 as	 in	 1973.23	Although	 the	 strong	 reducing	 agent	 and	 the	 harsh	 reaction	
conditions	resulted	in	modest	reaction	yields	and	selectivity,	this	publication	demonstrated	that	phosphine	ligated	Ni-
catalyst	 could	 be	 used	 to	 effectively	 activate	 allylic	 alcohols	 in	 the	 absence	 of	 activating	 reagents.	 Surprisingly	 this	
approach	remained	unexplored	until	1998,	when	Mortreux	reported	a	much	more	efficient	catalytic	system	based	on	
the	 utilization	 of	 Ni(COD)2	 and	 bidentate	 dppb	 as	 ligand.
24	Remarkably,	 when	 comparing	 nickel-phosphine	 against	
comparable	 palladium-phosphine	 catalytic	 system	 it	 was	 discovered	 that	 nickel	 was	 much	 more	 active	 than	 the	
corresponding	 Pd	 system,	 but	 also	 more	 sensitive.25	Surprisingly,	 the	 utilization	 of	 nickel	 still	 remained	 largely	
unexplored	 until	 2010,	 when	 Jamison	 reported	 that	 cinnamyl	 alcohol	 could	 undergo	 catalytic	 substitution	 with	
ethylene	 as	 nucleophile	 by	 using	 Ni(COD)2	 and	 P(ortho-anisyl)3	 in	 the	 presence	 of	 Et3SiOTf.
26	In	 2015	 Mashima	
achieved	 remarkably	 low	 catalyst	 loadings	 in	 an	 allylic	 amination	 through	 the	 utilization	 of	 nBu4NOAc	 as	 mild	
activator.27	One	year	 later,	Mashima	developed	an	enantioselective	allylic	substitution	using	C-nucleophiles	 in	which	
the	extruded	OH-	anion	serves	as	base	to	enolize	β-ketoeste.28		
                                                
21	Y.	Yamashita,	A.	Gopalarathnam,	J.	F.	Hartwig,	J.	Am.	Chem.	Soc.,	2007,	129,	7508-7509.	
22	a)	C.	Defieber,	M.	A.	Ariger,	P.	Moriel,	E.	M.	Carreira,	Angew.	Chem.,	Int.	Ed.,	2007,	46,	3139-3143.		b)	M.	Roggen,	E.	M.	Carreira,	J.	Am.	
Chem.	Soc.,	2010,	132,	11917-11919.	
23	J.	Furukawa,	J.	Kiji,	K.	Yamamoto,	T.	Tojo,	Tetrahedron,	1973,	29,	3149-3151.	
24	H.	Bricout,	,	J.-F.	Carpentier,	A.	Mortreux,	Tetrahedron,	1998,	54,	1073-1084.		
25	H.	Bricout,	J.-F.	Carpentier,	A.	Mortreux,	J.	Mol.	Catal.	A:	Chem.,	1998,	136,	243-251.	
26	R.	Matsubara,	T.	F.	Jamison,	J.	Am.	Chem.	Soc.,	2010,		132,	6880-6881.			
27	Y.	Kita,	H.	Sakaguchi,	Y.	Hoshimoto,	D.	Nakauchi,	Y.	Nakahara,	 J.-F.	Carpentier,	 S.	Ogoshi,	K.	Mashima,	Chem.	Eur.	 J.	2015,	21,	 14571-
14578. 
28	K.	Yusuke,	R.	D.	Kavthe,	H.	Oda,	K.	Mashima,	Angew.	Chem.	Int.	Ed.	2016,	55,	1098-1101.	
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Scheme	3.5.	Activation	of	allylic	alcohols	and	catalysis	with	Ni-phosphine	complexes.	
	
As	shown	in	this	section,	the	utilization	of	Ni-catalysis	to	effect	allylic	substitution	reactions	using	allylic	alcohos	has	
gained	 considerable	 momentum.	 The	 superiority	 of	 Ni	 as	 compared	 to	 Pd	 for	 activating	 inner	 bonds	 makes	 it	
particularly	 suited	 for	effecting	C-O	cleavage	 in	allylic	alcohols.	Although	 the	development	of	 strategies	 to	 facilitate	
oxidative	addition	is	often	still	required,	many	transformations	with	nucleophilic	entities	proceed	in	the	absence	of	an	
activating	reagent.	These	results	are	in	sharp	contrast	with	Ni-catalyzed	cross-electrophile	coupling	reactions,4	field	in	
which	allylic	alcohols	were	only	recently	activated	using	strong	Lewis	acids.29	
	
3.1.3.	CO2	as	an	activating	reagent	for	allylic	alcohols	
	
Among	the	reported	strategies	to	activate	allylic	alcohols	in	the	presence	of	transition	metal	catalysts,	the	utilization	
of	CO2	as	an	 inert	 activating	 reagent	 is	highly	attractive.	 In	1996,	Yamamoto	described	 that	 the	Pd-catalyzed	allylic	
substitution	 of	 these	 electrophiles	 was	 remarkably	 accelerated	 under	 an	 atmosphere	 of	 CO2	 (Scheme	 3.6).
30	The	
transformation	of	the	hydroxy	group	of	allylic	alcohols	into	a	hydrogenocarbonate	functionality	(3.3’)	upon	interaction	
with	 carbon	 dioxide	 was	 postulated	 as	 the	 reason	 behind	 the	 easy	 activation	 the	 inert	 C-O	 bonds.31	Although	 the	
direct	observation	of	 these	 intermediates	 through	NMR	measurements	 could	not	be	 achieved,	 the	behavior	of	 the	
presumed	η3-allyl-Pd(II)	 complexes	 (CX)	 upon	 treatment	with	 an	 active	methylene	 compound	 or	 diethylamine	was	
consistent	 with	 the	 observed	 reactivity	 (Scheme	 3.6,	 left).	 Additionally,	 under	 an	 atmosphere	 of	 CO2	 at	 room	
temperature,	 the	nucleophilic	 substitution	of	 allyl	 alcohol	 by	 diethylamine	 gave	N,N-diethylallylamine	 in	 96%	 yield,	
whereas	no	reaction	was	observed	under	argon.	These	results,	among	others,	suggested	the	reaction	occurs	through	
the	oxidative	addition	of	the	more	reactive	allyl	hydrogencarbonate	3.3’	to	a	Pd(0)	complex	(CIX)	to	form	an η3-allyl-
Pd(II)	intermediate	having	a	hydrogencarbonate	anion	(CX).	The	subsequent	decarboxylation	of	this	anion	may	release	
a	hydroxide	anion,	which	is	sufficiently	basic	to	abstract	a	proton	from	the	amine	or	an	active	methylene	compound	to	
generate	the	nucleophilic	species	with	concomitant	release	of	water.	Finally,	the	direct	attack	of	these	nucleophiles	to	
the η3-allyl-Pd	complexes	generates	the	allylated	products	and	regenerates	the	active	catalytic	species	CIX.	
	
                                                
29	X-G.	Jia,	P.	Guo,	J.	Duan,	X-Z.	Shu,	Chem.	Sci.,	2018,	9,	640-645. 
30	M.	Sakamoto,	I.	Shimizu,	A.	Yamamoto,	Bull.	Soc.	Chem.		Jpn.,	1996,	69,	1065-1078.	
31	J.	L.	Gohres,	A.	T.	Marin,	J.	Lu,	C.	L.	Liotta,	C.	A.	Eckert.	Ind.	Eng.	Chem.	Res.	2009,	48,	1302-1306	
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Scheme	3.6.	First	activation	of	allylic	alcohols	towards	allylic	substitution	using	CO2	
	
Based	on	Yamamoto’s	strategy,	Tunge	demonstrated	that	allylic	alcohols	could	be	activated	toward	direct	allylation	
with	 weakly	 acidic	 pronucleophiles,	 such	 as	 nitroalkanes,	 nitriles,	 and	 aldehydes	 (Scheme	 3.7).	32	As	 previously	
observed,	 control	 experiments	 revealed	 that	 no	 conversion	 was	 observed	 in	 the	 absence	 of	 CO2,	 thus	 pointing	
towards	the	intermediate	formation	of	more	reactive	carbonic	acids.	Additionally,	the	released	hydroxide	anion	was	
able	to	deprotonate	pronucleophiles	having	a	pKa	up	to	25.	
	
	
	
Scheme	3.7.	Activation	of	allylic	alcohols	towards	allylic	substitution	with	weakly	acidic	pronucleophiles	using	CO2.	
	
From	all	the	strategies	that	have	been	used	for	the	activation	of	allylic	alcohols	(vide	supra),	the	utilization	of	CO2	as	
an	 inert	 activating	 reagent	 probably	 represents	 the	 most	 atom	 economical,	 efficient	 and	 cost-effective	 approach.	
Indeed,	 the	 utilization	 of	 CO2	 and	MeOH	 has	 already	 been	 used	 in	 industrial	 settings	 as	 a	 strategy	 for	 the	 in-situ	
generation	of	a	weak	Brønsted	methylcarbonic	acid.33	
                                                
32	S.		B.	Lang,	T.	M.	Locascio,	J.	A.	Tunge,	Org.	Lett.	2014,	16,	4308-4311	
33	R.	R.	Weikel,	J.	P.	Hallett,	C.	L.	Liotta,C.	A.	Eckert.	Ind.	Eng.	Chem.	Res.	2007,	46,	5380-5386. 
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3.1.4.	Palladium-catalyzed	carboxylation	of	allylic	alcohols	with	CO2	
	
In	2015,	considerable	progress	had	been	observed	in	the	carboxylation	of	C-O	electrophiles	(Chapter	1).	However,	
the	 intrinsic	 limitation	 of	 all	 these	methodologies	was	 their	 restriction	 to	 activated	 substrates,	 such	 as	 sulfonates,	
triflates	or	esters	derivatives,	which	are	ultimately	prepared	from	the	corresponding	alcohols	or	phenols.	Ideally,	this	
field	should	incorporate	these	simpler	precursors	allowing	the	carboxylation	of	stronger	C-O	bonds	such	as	phenols	or	
alcohols.	Mita	and	Sato	made	the	first	contribution	towards	this	concept	using	the	know	activation	of	allylic	alcohols	
by	CO2	in	the	presence	of	a	Pd-catalyst	for	the	carboxylation	of	allylic	alcohols	via	formal	C-OH	bond	cleavage	(Scheme	
3.8).34	This	reaction	demonstrated	to	be	selective	for	the	formation	of	branched	carboxylic	acids,	regardless	of	which	
regioisomer	 of	 allylic	 alcohol	was	 used.	 Although	 some	 functional	 group	 tolerance	was	 observed,	 the	 utilization	 of	
stoichiometric	 amounts	 of	 pyrophoric	 Et2Zn	 as	 reducing	 agent	 significantly	 diminished	 its	 applicability.	
Mechanistically,	the	authors	attributed	the	C-OH	bond	cleavage	to	the	high	Lewis-acidity	of	the	Zn(II)	reagent,	which	
increases	the	leaving	group	ability	of	the	hydroxyl	group	by	either	forming	the	alkoxylate	or	the	carbonate	with	CO2	
(3.8’).	 These	 species	would	 then	engage	 in	 an	oxidative	 addition	 step	with	 a	 catalytically	 active	Pd(0)-species,	 thus	
forming	 a	 π-allyl	 Pd-species	 that	 can	 isomerize	 to	 a	 more	 stable	 η1-allylpalladium	 complex,	 as	 supported	 by	 the	
observed	regioselectivity.	A	subsequent	direct	transmetallation	on	CXIII	would	place	an	ethyl	substituent	on	the	Pd-
center	(CXIV)	thereby	increasing	its	nucleophilicity	towards	a	direct	nucleophilic	attack	of	the	γ-position	of	the	alkene	
to	CO2.	The	alternative	transfer	of	the	allyl	group	to	a	Zn-center	and	subsequent	carboxylation	was	deemed	unlikely	
based	 on	 literature	 analogies.35	After	 the	 carboxylation	 step,	 the	 catalytic	 cycle	would	 be	 closed	 through	 a	 second	
transmetallation	 with	 diethyl	 zinc,	 resulting	 in	 the	 formation	 of	 a	 Zn-carboxylate	 and	 diethyl	 Pd(II)-species,	 which	
would	undergo	a	β-hydride	elimination	followed	by	a	reductive	elimination	to	form	catalytically	active	CIX.		
	
 	
	
Scheme	3.8.	Mita	and	Sato	Pd-catalyzed	carboxylation	of	allylic	alcohols	with	CO2.	
	
Although	this	methodology	represented	the	first	reductive	carboxylation	of	allylic	alcohols,	it	is	important	to	remark	
that	these	results	were	published	during	the	course	of	the	studies	described	in	this	chapter.	Additionally,	when	these	
results	were	 published,	we	 considered	 that	 our	 approach	 could	make	 an	 impact	 by	 solving	 some	 of	 the	 problems	
associated	to	the	use	of	Et2Zn	while	allowing	for	a	selectivity	switch	to	also	afford	linear	carboxylic	acids.		
	
                                                
34	T.	Mita,	Y.	Higuchi,	Y.	Sato,	Chem.	-	Eur.	J.	2015,	21,	16391-16394.		
35	G.	Zanoni,	S.	Gladiali,	A.	Marchetti,	P.	Piccinini,	I.	Tredici,	G.	Vidari,	Angew.	Chem.	Int.	Ed.	2004,	43,	846-849.	Angew.	Chem.	2004,	116,	
864-867.	 
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3.2.	General	Objective	of	the	Project	
	
Since	Tsuji	 reported	 the	 first	Pd-catalyzed	substitution	of	allylic	alcohols	 in	1964,36	significant	advances	have	been	
observed	in	the	coupling	of	these	electrophiles	with	C-,	N-	or	O-based	nucleophiles	(Scheme	3.9,	path	a,	vide	supra).	
Although	 the	 cross-electrophile	 coupling	 of	 activated	 allylic	 electrophiles	 is	 now	well	 established,4,6	 allylic	 alcohols	
should	be	ideally	used	under	these	regimes	(Scheme	3.9,	path	b).34	However,	the	remarkable	high	polarizability	of	the	
O-H	bond	and	the	high	activation	barrier	or	the	C-OH	bond	left	reasonable	doubts	whether	these	electrophiles	could	
be	 implemented.7	 If	 successful	 however,	 these	 techniques	would	unravel	 the	 potential	 of	 simple	 alcohols	 in	 cross-
electrophile	 couplings,	 providing	 access	 to	 molecular	 complexity	 from	 probably	 the	 simplest	 and	 most	 atom	
economical	allylic	precursors.		
	
	
	
Scheme	3.9.	Design	principle	for	our	Ni-catalyzed	switchable	site-selective	carboxylation	of	allylic	alcohols	with	CO2.	
	
At	the	beginning	of	2015,	the	carboxylation	reactions	of	C-O	electrophiles	remained	confined	to	activated	C-O	bonds	
(chapter	1).	At	this	moment,	we	questioned	whether	we	could	design	a	more	atom-	and	step-economical	technique	
by	direct	nickel-catalyzed	carboxylation	of	simple	unprotected	alcohols	 in	the	absence	of	stoichiometric	amounts	of	
air-sensitive	organometallic	reagents.34	We	hypothesized	that	CO2	could	be	used	with	dual	roles,	both	as	a	C1	source	
and	 as	 an	 activating	 group	 to	 facilitate	 C-O	 bond	 cleavage	 (Scheme	 3.10,	 left).	 Our	 hypothesis	 was	 driven	 by	 the	
known	ability	of	CO2	to	reversibly	react	with	alcohols	en	route	to	carbonic	acids	(vide	supra).
30,32,33	In	this	manner,	we	
reasoned	 we	 could	 lower	 the	 activation	 energy	 for	 promoting	 C-O	 bond	 scission,	 while	 accelerating	 the	 rate	 of	
oxidative	addition	to	a	Ni(0)Ln	species	prior	 to	CO2	 insertion.	Additionally,	 the	 formation	of	a	hydrocarbonate	anion	
upon	reversible	reaction	of	the	hydroxide	with	CO2	would	most	 likely	enable	the	formation	of	key	cationic	π-allyl-Ni	
intermediates.	While	CO2	could	be	used	to	enable	the	direct	activation	of	allylic	alcohols,	the	site	selectivity	at	the	allyl	
terminus	could	be	controlled	by	the	hapticity	of	the	ligand	used,	leading	in	this	manner	to	either	linear	or	α-branched	
carboxylic	 acids	 from	 the	 same	allylic	 alcohol	precursor	 (Scheme	3.10,	 right).5	Finally,	 this	 concept	 could	 serve	as	 a	
proof	of	concept	for	the	implementation	of	allylic	alcohols	in	cross-electrophile	couplings	with	other	electrophiles.		
	
	
	
Scheme	3.10.	Design	principle	for	our	Ni-catalyzed	switchable	site-selective	carboxylation	of	allylic	alcohols	with	CO2.	
 
	
                                                
36	J.	Tsuji,	J.	Kiji,	J.	Imamura.	M.	Morikawa,	J.	Am.	Chem.	Soc.,	1964,	86,	4350-4353.	
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3.3.	Switchable	Site-Selective	Catalytic	Carboxylation	of	Allylic	Alcohols	with	CO2	
	
3.3.1.	Optimization	of	the	reaction	conditions	(linear	carboxylic	acids)	
	
Considering	that	the	corresponding	carbonic	acids	might	undergo	oxidative	addition	to	Ni(0)Ln	at	a	faster	rate,	we	
hypothesized	that	shifting	the	equilibria	towards	the	formation	of	these	species	would	result	in	higher	reactivity	of	the	
allylic	 alcohol.	 We	 proposed	 that	 the	 use	 of	 H-bond	 donors	 or	 suitable	 Lewis-acids	 would	 favorably	 shift	 this	
equilibrium	 towards	 the	 formation	 of	 carbonic	 acids	 3.8’	 through	 the	 formation	 of	 hemicarbonate	 species	 3.8’’		
(Scheme	3.11).	Indeed,	the	interaction	of	3.8’	with	different	types	of	H-bond	donors	has	been	intensively	studied	and	
it	 has	 been	 found	 that	 some	 species,	 such	 as	 guanidinium	 ions	 or	 (thio)ureas	 bind	 strongly.37	With	 respect	 to	 the	
possibility	 of	 using	 Lewis	 acids	 to	 stabilize	 these	 adducts,	 the	 fact	 that	 carbonato-complexes	of	 a	 variety	of	metals	
have	been	described,	often	spontaneously	being	formed	under	a	CO2	atmosphere,	was	highly	encouraging.
38	
	
	
	
Scheme	3.11.	Design	principle	for	the	activation	of	allylic	alcohol	in	the	presence	of	CO2	and	additives.		
	
Our	initial	investigations	revealed	that	trace	amounts	of	linear	carboxylic	acid	3.9a	were	formed	in	the	presence	of	
MnCO3	as	 additive	 (Table	3.1,	 entry	1).	Having	 these	preliminary	 results	 in	hand,	we	 first	 initiated	 the	 search	 for	 a	
suitable	 ligand	 to	 gain	 general	 information	 about	 the	 suitability	 of	 different	 scaffolds	 (Table	 3.1).	 Representative	
ligands	 of	 different	 ligand	 types	 were	 tested	 revealing	 that	 tetra-	 or	 tri-dentate	 pyridine-based	 ligands	 gave	 low	
conversions	with	a	preference	 for	 the	 formation	of	 the	α-branched	product	 (entries	5-7),	 thus	providing	a	possible	
starting	point	for	future	investigations	towards	the	α-branched	product	formation	(3.10a).	In	contrast	to	this,	the	use	
of	bidentate	ligands	containing	a	phenanthroline	core	were	found	to	preferentially	form	the	linear	product	in	very	low	
efficiencies	 (entries	1-4).	Ortho-substituted	phenanthroline	L3.2	was	gave	 the	most	promising	 results,	 affording	 the	
first	yield	from	catalyst	turnover	(entry	2).  
 
 
 
 
 
 
 
 
 
 
	
 
                                                
37	a)	G.	Müller,	J.	Riede,	F.	P.	Schmidtchen,	Angew.	Chem.	1988,	100,	1574-1575.	b)	M.	D.	Best,	S.	L.	Tobey,	E.	V.	Anslyn,	Coord.	Chem.	Rev.	
2003,	240,	3.	c)	T.	Gunnlaugsson,	P.	E.	Kruger,	P.	Jensen,	F.	M.	Pfeffer,	G.	M.	Hussey,	Tetrahedron	Lett.	2003,	44,	8909-8913.	d)	S.	J.	Brooks,	
P.	A.	Gale,	M.	E.	Light,	Chem.	Commun.	2006,	4344-4346.	e)	I.	Ravikumar,P.	Ghosh,	Chem.	Commun.	2010,	46,	1082-1084.	f)	C.	Villiers,	J.-P.	
Dognon,	R.	Pollet,	P.	Thuéry,	M.	Ephritikhine,	Angewandte	Chemie	2010,	122,	3543-3546.	g)	C.	Das	Neves	Gomes,	O.	Jacquet,	C.	Villiers,	P.	
Thuéry,	M.	Ephritikhine,	T.	Cantat,	Angew.	Chem.	Int.	Ed.	2012,	51,	187-190.	h)	S.	K.	Dey,	R.	Chutia,	G.	Das,	Inorg.	Chem.	2012,	51,	1727-
1738.	i)	A.	Pramanik,	M.	Emami	Khansari,	D.	R.	Powell,	F.	R.		Fronczek,	M.	A.	Hossain,	Org.	Lett.	2014,	16,	366-369.	j)	A.	Basu,	G.	Das,	J.	Org.	
Chem.	2014,	79,	2647-2656.	
38	K.	V.	Krishnamurty,	G.	Mc	Leod	Harris,	V.	S.	Sastri,	Chem.	Rev.	1970,	70,	171-197.	
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Reaction	conditions:	3.8a	 (0.25	mmol),	CO2	 (1	atm),	NiBr2·glyme	(10	mol%),	 ligand	 (20	mol%),	Zn	(0.5	mmol),	MnCO3	(0.25	mmol),	
DMA	(1.5	mL),	40ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	the	
starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.	
	
Table	3.1.	Screening	of	ligands.	
	
With	the	previously	proposed	role	of	the	additive	in	mind	(Scheme	3.11),	different	additives	were	screened	focusing	
on	the	 formation	of	species	 that	might	be	capable	of	stabilizing	 the	carbonic	acid	adducts	 formed	from	the	alcohol	
substrate	and	CO2	(Table	3.2).	First,	pyridine	was	tested	without	 improvement,	based	on	the	 logic	that	this	additive	
might	act	as	weak	base	enabling	the	more	facile	equilibration	of	alcohol	and	CO2	to	the	required	hemicarbonate	(entry	
1).	Arguing	that	Li-ions	could	have	the	capability	of	stabilizing	the	hemicarbonate	or	carbonic	acid	adducts,	LiCl	was	
tested	without	 success	 (entry	 2).	 Based	 on	 the	 previously	 observed	 positive	 effects	 exerted	 by	 ammonium	 salts,	 a	
number	of	these	additives	were	screened	(entry	4-6).	Although	a	slight	improvement	could	be	observed	when	using	
nBu4NI	 the	 yield	 remained	 rather	 low.	 H-bond	 donors	 were	 also	 tested	 as	 they	 have	 demonstrated	 to	 accelerate	
hemicarbonate	formation	(entries	7	and	8).	However,	low	conversions	were	obtained	suggesting	that	these	additives	
deactivate	 the	 catalytically	 active	 species.	 Luckily,	 we	 found	 out	 that	Mg-based	 halide	 salts	 displayed	 a	 significant	
positive	 effect	 both	on	 reactivity	 and	 yield,	with	MgCl2	 affording	 the	best	 result	 (entry	 12).	 This	 boost	 in	 reactivity	
could	 be	 attributed	 to	 the	 Lewis	 acid	 character	 of	 these	 salts,	 which	 stabilize	 the	 postulated	 carbonic	 acids	 or	
hemicarbonates,	accelerating	their	formation.	Alternatively,	MgCl2	has	also	been	proposed	to	facilitate	CO2	insertion	
in	Pd-	and	Ni-catalyzed	carboxylation	reactions.39	
	
	
Entry	 Additive	 Conv	(%)a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	
1	 pyridine		 44	 6	 99:1	
2	 LiCl	 63	 15	 99:1	
3	 AlCl3	 74	 12	 99:1	
4	 nBu4NCl	 38	 9	 97:3	
5	 nBu4NBr	 43	 10	 99:1	
6	 nBu4NI		 86	 22	 99:1	
7	 guanidine·HCl		 28	 5	 99:1	
8	 diphenylthiourea		 26	 8	 99:1	
9	 MgF2	 50	 30	 98:2	
                                                
39	For	 an	 example	 of	 Pd-catalyzed	 carboxylation	 see:	 S.	 Zhang,	W.Q.	 Chen,	 A.	 Yu,	 L.N.	 He,	 ChemCatChem.	 2015,	 7,	 3972-3977.	 For	 an	
example	of	Ni-catalyzed	carboxylation	see:	T.	Leoń,	A.	Correa,	R.	Martin,	J.	Am.	Chem.	Soc.	2013,	135,	1221-1224.	
C5H11
CO2H
3.8a
C5H11 OH
NiBr2·glyme (10 mol%)
L3.1- L3.7 (20 mol%)
Zn (2.0 equiv), MnCO3 (1.0 equiv)
 DMA (0.16 M), 40 ºC, 16 h
C5H11 CO2H
3.9a
and
3.10a
CO2
(1 atm)
+
N N
N R
1
N
N
N
R1N
N N
MeMe
R R
L3.5
R2 R2
R1, R2 = H, L3.6
R1 = Me; R2 = H, L3.7
R = H, L3.1
R = Ph, L3.2
N N
R R
R = H, L3.3
R = Ph, L3.4
C5H11
CO2H
3.8a
C5H11 OH
NiBr2·glyme (10 mol%)
bathocuproine, L3.2 (26 mol%)
Zn (2.0 equiv), additive (1.0 equiv)
DMF (0.16 M), 40 ºC, 16 h
C5H11 CO2H
3.9a
and
3.10a
CO2
(1 atm)
+
N N
MeMe
Ph Ph
L3.2
Entry	 Ligand	 Conv	(%)a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	
1	 L3.1	 40	 8	 89:11	
2	 L3.2	 73	 11	 94:6	
3	 L3.3	 27	 1	 71:29	
4	 L3.4	 33	 1	 58:42	
5	 	L3.5	 37	 1	 1:99	
6	 L3.6	 28	 1	 1:99	
7	 L3.7	 33	 0	 -	
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10	 MgBr2	 79	 52	 99:1	
11	 MgI2		 82	 54	 98:2	
12	 MgCl2		 95	 61	 99:1	
	
Reaction	conditions:	3.8a	 (0.25	mmol),	CO2	 (1	atm),	NiBr2·glyme	(10	mol%),	bathocuproine	L3.2	(26	mol%),	Zn	(0.5	mmol),	additive	(0.25	
mmol),	solvent	(1.5	mL),	40ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	internal	standard.	b	DMF	(2.5	ml).	
The	reduction	of	the	starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.		
	
Table	3.2.	Screening	of	additives.	
	
Slight	improvements	of	the	reaction	system	could	be	achieved	by	increasing	the	loading	of	the	Zn	reductant	to	3.0	
equivalents	and	lowering	the	reaction	concentration	to	0.1	M.	Next,	the	equivalents	of	MgCl2	additive	were	optimized	
revealing	that	the	best	results	are	obtained	using	1.25	equivalents	(Table	3.3,	entry	4).		
	
	
Entry	 Additive	equivalents	 Conv	(%)a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	
1	 No	MgCl2	 59	 26	 99:1	
2	 MgCl2	(0.25	equiv)	 57	 28	 99:1	
3	 MgCl2	(1.0	equiv)	 73	 47	 99:1	
4	 MgCl2	(1.25	equiv)	 88	 64	 99:1	
5	 MgCl2	(1.5	equiv)	 84	 55	 99:1	
	
Reaction	conditions:	3.8a	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	bathocuproine	L3.2	(26	mol%),	Zn	(0.75	mmol),	MgCl2	(x	mmol),	
DMF	(2.5	mL),	40ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	the	starting	
material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.		
	
Table	3.3.	Screening	of	MgCl2	equivalents.	
	
Although	the	utilization	of	CO2	in	combination	with	MgCl2	significantly	enhance	the	reactivity	of	3.8a,	it	is	important	
to	 remark	 that	driving	 the	 reaction	 to	 completion	was	 found	particularly	 challenging.	While	 increasing	 the	 reaction	
temperature	did	not	allow	 full	 consumption	of	3.8a	 affording	 lower	 chemoselectivity,	 the	utilization	of	many	other	
Lewis	acidic	additives	afforded	lower	conversions	of	3.8a.	Although	this	might	seem	as	a	minor	problem	considering	a	
decent	yield	of	3.9a	had	already	been	obtained,	we	discovered	that	the	polarity	of	3.8a	and	3.9a	were	so	similar	that	
clean	purification	of	3.9a	 through	 column	chromatography	was	particularly	 challenging.	 Luckily	however,	 final	 fine-
tuning	 of	 the	 reaction	 conditions	 revealed	 that	 by	 utilizing	 4.0	 equivalents	 of	 Zn	 reductant	 together	 with	 1.2	
equivalents	of	dry	MgCl2,	which	had	to	be	stored	in	the	glove	box,	the	reaction	could	be	driven	to	completion.	Under	
these	conditions	a	70%	 isolated	yield	of	 the	desired	 linear	 carboxylic	acid	was	achieved	after	a	 reaction	 time	of	40	
hours	(Table	3.4,	entry	4).	
	
Entry	 Ligand	(mol%)	 Conv	(%)a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	
1	 Zn	(2.0	equiv)	 68	 37	 99:1	
2	 Zn	(2.5	equiv)	 77	 52	 99:1	
3	 Zn	(3.0	equiv)	 87	 64	(59)	 99:1	
4	 Zn	(4.0	equiv)	 99	 78	(70)	 99:1	
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C5H11 CO2H
3.9a
and
3.10a
CO2
(1 atm)
+
N N
MeMe
Ph Ph
L3.2
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Reaction	conditions:	3.8a	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	bathocuproine	L3.2	(26	mol%),	Zn	(x	mmol),	MgCl2	(1.25	mmol),	
DMF	(2.5	mL),	40ºC,	40	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	the	starting	
material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.		
	
Table	3.4.	Screening	of	zinc	equivalents.	
	
Having	optimized	conditions	in	hand	for	the	selective	preparation	of	linear	carboxylic	acids,	we	decided	to	explore	
important	 deviations	 from	 these	parameters.	 Although	other	Ni-sources	 could	 be	used,	 all	 of	 them	afforded	 lower	
yield	of	 the	desired	product	 than	NiBr2·glyme	 (Table	3.5,	 entries	2-4).	 The	utilization	of	quaterpyridine	 (entry	5)	or	
terpyridine	 ligands	 (entries	 6-8)	 in	 replacement	 for	 bathocuproine	 (L3.2)	 afforded	 low	 amounts	 of	 carboxylated	
product	 with	 preferential	 selectivity	 towards	 the	α-branched	 product.	 Although	 a	 clear	 increase	 in	 reactivity	 was	
observed	by	placing	alkyl	substituents	on	the	terpyridine	scaffold,	giving	some	hints	on	which	ligands	could	be	used	to	
switch	the	selectivity	of	the	process,	these	results	also	suggested	that	the	optimization	towards	3.10a	was	going	to	be	
far	from	trivial.	As	previously	observed	in	our	carboxylation	chemistry,	the	utilization	of	non-amidic	ethereal	solvents	
afforded	traces	of	the	desired	product	(entry	9).	MgCl2	outperformed	other	MgX2	additives,	suggesting	that	the	halide	
might	have	an	important	effect	(entries	11	and	12).	Interestingly,	as	observed	from	the	beginning	of	this	optimization,	
the	utilization	of	Mn	in	replacement	for	Zn	afforded	low	reactivity	of	the	starting	material	(entry	14).	This	is	surprising	
considering	the	stronger	reduction	potential	of	Mn	as	compared	to	Zn.	
	
	
	
	
Reaction	 conditions:	3.8a	 (0.25	mmol),	 CO2	 (1	 atm),	NiBr2·glyme	 (10	mol%),	 bathocuproine	L3.2	 (26	mol%),	 Zn	 (1.0	mmol),	MgCl2	 (1.25	
mmol),	DMF	(2.5	mL),	40ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	the	
starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.		
	
Table	3.5.	Deviation	from	standard	conditions.	
	
As	 we	 had	 anticipated,	 control	 experiments	 demonstrated	 that	 all	 the	 parameters	 were	 critical	 to	 afford	 the	
carboxylation	of	3.8a	in	high	yield.	As	shown	in	Table	3.6,	the	absence	of	Ni,	ligand	or	reductant	gives	no	formation	of	
3.9a	 (entries	2-4).	Under	these	optimized	conditions,	 the	omission	of	MgCl2	gave	appreciable	yields	of	carboxylated	
product	 (entry	 5),	 suggesting	 that	 although	 not	 essential	 its	 utilization	 drives	 the	 reaction	 to	 completion	 while	
increasing	 the	amount	of	 carboxylated	product.	 Importantly,	 carrying	out	 the	 reaction	 in	an	argon	atmosphere	still	
afforded	considerable	conversion	of	3.8a,	indicating	that	the	direct	oxidative	addition	of	the	allylic	alcohol	to	the	Ni(0)	
species	might	also	be	a	conceivable	pathway.	
C5H11
CO2H
3.8a
C5H11 OH
NiBr2·glyme (10 mol%)
bathocuproine, L3.2 (26 mol%)
Zn (4.0 equiv), MgCl2 (1.2 equiv)
DMF (0.1 M), 40 ºC, 16 h
C5H11 CO2H
3.9a
and
3.10a
CO2
(1 atm)
+
N N
MeMe
Ph Ph
L3.2
N N
N
N
N
N
N L3.5
L3.6
N
N
N
L3.8
Me
N
N
N
L3.7
Me Me
Entry	 Deviation	from	standard	conditions	 Conv	(%)a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	
1	 none,	40	h	 99	 78	(70)	 99:1	
2	 NiBr2	instead	of	NiBr2·glyme	 93	 64	 99:1	
3	 NiCl2·glyme	instead	of	NiBr2·glyme	 80	 58	 99:1	
4	 NiCl(o-tolyl)(TMEDA)	instead	of	NiBr2·glyme	 99	 60	 99:1	
5	 L3.5	instead	of	L3.2	 22	 1	 -	
6	 L3.6	instead	of	L3.2	 8	 0	 -	
7	 L3.8	instead	of	L3.2	 25	 6	 38:62	
8	 L3.7	instead	of	L3.2	 55	 18	 23:77	
9	 THF	instead	of	DMF	 94	 1	 -	
10	 DMA	instead	of	DMF	 72	 52	 99:1	
11	 MgF2	instead	of	MgCl2	 50	 30	 98:2	
12	 MgI2	instead	of	MgCl2	 82	 54	 99:1	
13	 Na2CO3	instead	of	MgCl2	 46	 32	 99:1	
14	 Mn	instead	of	Zn	 10	 9	 -	
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Entry	 Deviation	from	standard	conditions	 Conv	(%)a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	
1	 none,	40	h		 99	 78	(70)	 99:1	
2	 no	NiBr2·glyme	 0	 -	 -	
3	 no	L3.2	 32	 0	 -	
4	 no	Zn	 0	 -	 -	
5	 no	MgCl2	 82	 48	 99:1	
6	 no	CO2	 66	 0	 -	
	
Reaction	 conditions:	3.8a	 (0.25	mmol),	 CO2	 (1	 atm),	NiBr2·glyme	 (10	mol%),	 bathocuproine	L3.2	 (26	mol%),	 Zn	 (1.0	mmol),	MgCl2	 (1.25	
mmol),	DMF	(2.5	mL),	40ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	the	
starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.		
	
Table	3.6.	Control	experiments.	
	
3.3.2.	Optimization	of	the	reaction	conditions	(α -branched	carboxylic	acids)	
	
With	the	aim	of	developing	a	process	that	would	allow	us	to	selectively	access	linear	or	α-branched	carboxylic	acids	
from	 the	 same	 allylic	 alcohol	 precursor,	we	 decided	 to	 investigate	whether	 a	 selectivity	 switch	 based	 on	 different	
ligand	 coordination	 could	 provide	 access	 to	 branched	 carboxylic	 acids.	 Indeed,	 when	 employing	 alkyl	 ortho-
substituted	 terpyridine	 L3.7	 in	 the	 reaction	 conditions	 developed	 for	 linear	 carboxylic	 acids,	 a	 complete	 selectivity	
switch	towards	the	α-branched	product	was	observed	(Table	3.7,	entry	1).	Although	the	product	was	only	obtained	in	
a	modest	18%	yield,	the	excellent	selectivity	suggested	the	reaction	conditions	could	be	optimized	to	afford	3.10a	in	
high	yield	and	chemical	purity.	Considering	that	the	choice	of	the	additive	have	had	a	huge	influence	on	the	reactivity	
towards	 3.9a,	 we	 anticipated	 that	 this	 parameter	 would	 be	 crucial	 to	 improve	 the	 yield	 of	 the	 reaction.	 After	 an	
extensive	screening	of	additives	we	discovered	that	by	reducing	the	amount	of	MgCl2	to	0.6	equivalents	and	adding	a	
2.4	equivalents	of	a	source	of	chloride	anions	as	nBu4NCl,	the	yield	and	selectivity	towards	the	carboxylation	product	
could	be	improved	(entry	4).	Interestingly,	this	effect	was	only	observed	when	nBu4NCl	was	used	in	combination	with	
MgCl2	 (entry	 2),	 and	 no	 other	 halides	 or	 pseudohalides	 additive	 had	 an	 effect	 on	 the	 reaction	 (entries	 5-8).	 These	
results	indicated	that	both	the	Mg	cation	Lewis	acid	and	the	chloride	anions	had	important	roles	in	the	catalytic	cycle.	
However,	 neither	 by	 increasing	 the	 temperature	 or	 reaction	 time	 under	 these	 conditions,	 completion	 could	 be	
achieved,	 thus	 suggesting	 catalyst	 deactivation	 could	 be	 taking	 place.	 Moreover,	 when	 attempting	 to	 isolate	 the	
branched	carboxylic	 acid,	we	 identified	 the	 formation	of	product	3.10a’	which	 is	 the	product	 resulting	 from	alkene	
reduction	of	3.10.	The	 formation	of	3.10a’	 is	most	 likely	derived	from	hydronickelation	of	 the	double	bond	of	3.10,	
thus	suggesting	that	Ni-hydride	species	could	be	formed	during	the	reaction.		
 
	
Entry	 Additives	 Conv	(%)a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	 3.10a’	(%)a	
1	 MgCl2	(1.2	equiv)	 55	 18	 1:99	 3	
2	 nBu4NCl	(1.2	equiv)	 30	 0	 -	 -	
3	 MgCl2	(1.2	eq),	nBu4NCl	(1.2	eq)	 92	 23	 2:98	 9	
4	 MgCl2	(0.6	eq),	nBu4NCl	(2.4	eq)	 53	 41	 4:96	 5	
5	 MgCl2	(0.6	eq),	nBu4NBr	(2.4	eq)	 21	 1	 1:99	 -	
C5H11
CO2H
3.8a
C5H11 OH
NiBr2·glyme (10 mol%)
bathocuproine, L3.2 (26 mol%)
Zn (4.0 equiv), MgCl2 (1.2 equiv)
DMF (0.1 M), 40 ºC, 16 h
C5H11 CO2H
3.9a
and
3.10a
CO2
(1 atm)
+
N N
MeMe
Ph Ph
L3.2
N
N
N
Me L3.7 Me
C5H11
CO2H
3.8a
C5H11 OH
NiBr2·glyme (10 mol%)
 L3.7 (26 mol%)
CO2, Zn (4.0 equiv), additives (x equiv)
DMF (0.1 M), 40 ºC, 16 h
C5H11 CO2H
3.9a
and
3.10a
C5H11
CO2H3.10a’
Me
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6	 MgCl2	(0.6	eq),	nBu4NI	(2.4	eq)	 7	 1	 1:99	 -	
7	 MgCl2	(0.6	eq),	nBu4OTf	(2.4	eq)	 6	 2	 1:99	 -	
8	 MgCl2	(0.6	eq),	LiCl	(2.4	eq)	 77	 45	 1:95	 4	
	
Reaction	 conditions:	3.8a	 (0.25	mmol),	 CO2	 (1	 atm),	NiBr2·glyme	 (10	mol%),	 bathocuproine	L3.7	 (26	mol%),	 Zn	 (1.0	mmol),	MgCl2	 (1.25	
mmol),	DMF	(2.5	mL),	40ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	the	
starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.		
	
Table	3.7.	Screening	of	additives.	
	
After	extensive	experimentation	with	different	tri-	and	tetra-dentate	pyridine	based	ligands,	Ni-sources,	additives	
and	 solvents,	 the	best	 results	we	 could	 achieve	were	 still	 disappointing	 (Table	 3.8,	 entry	 1).	Nevertheless,	 during	
these	 screenings,	 we	 had	 observed	 that	 nBu4NOAc	 afforded	 3.10a	 in	 low	 yield	 but	 with	 high	 selectivity	 towards	
carboxylation	(entry	2).40	We	were	glad	to	observe	that	when	increasing	the	equivalents	of	this	additive	the	reaction	
could	be	driven	forward	(entry	3).	Finally,	we	discovered	that	by	using	a	more	electron-donating	terpyridine	ligand	
with	 two	extra	alkyl	para-substituents	 (L3.9)	and	higher	amount	of	 the	additive,	decent	conversions	and	yields	of	
3.10a	 could	 be	 obtained	 (entry	 5).	 Although	 these	 results	 were	 promising,	 we	 were	 still	 unable	 to	 reach	 full	
conversion.	 Additionally,	 the	 amount	 of	 3.10a’	 had	 conversely	 increased	 with	 3.10a,	 thus	 indicating	 that	 final	
product	reduction	was	occurring	at	a	higher	rate.		
 
	
Entry	 Additives	 Ligand	 Conv	(%)a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	 3.10a’	(%)a	
1	 MgCl2	(0.6	eq),	nBu4NCl	(2.4	eq)	 L1	 67	 41	 4:96	 5	
2	 nBu4NOAc	(1.0	equiv)	 L1	 36	 24	 3:97	 5	
3	 nBu4NOAc	(2.0	equiv)	 L1	 60	 52	 3:97	 7	
4	 nBu4NOAc	(2.0	equiv)	 L2	 70	 63	(58)	 3:97	 7	
5	 nBu4NOAc	(3.0	equiv)	 L2	 84	 76	 3:97	 8	
6	 LiOAc	(2.0	equiv)	 L1	 63	 26	 5:95	 22	
7	 NaOAc	(2.0	equiv)	 L1	 21	 2	 2:98	 5	
	
Reaction	conditions:	3.8a	(0.25	mmol),	CO2	(1	atm),	Ni(COD)2	(10	mol%),	L3.7	or	L3.9	(15	mol%),	Zn	(0.38	mmol),	additives	(x	mmol),	NMP	
(1.25	mL),	40ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	 internal	 standard.	The	reduction	of	 the	starting	
material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.		
	
Table	3.8.	Screening	of	additives.	
	
At	this	point	of	the	investigation,	we	realized	that	through	the	utilization	of	nBu4NOAc	we	would	never	be	able	to	
afford	 3.10a	 cleanly.	 Therefore,	 we	 decided	 to	 take	 a	 step	 back	 and	 continue	 exploring	 other	 Lewis	 acids	 in	
combination	with	nBu4NCl	 (Table	 3.9).	We	were	 glad	 to	 observe	 that	 CaCl2	 outperformed	MgCl2	 and	 other	 Lewis	
acids	when	DMA	was	used	as	solvent	(entry	2).	However,	competitive	reduction	of	3.10a	was	still	occurring	although	
to	 a	 lower	 extent.	 Presuming	 that	 the	 in-situ	 formation	 of	 Ni-hydride	 species	 could	 be	 causing	 the	 reduction	 of	
3.10a,	 we	 decided	 to	 try	 different	 amine	 organic	 bases.	 Gladly,	 we	 observed	 that	 the	 formation	 of	 3.10a’	 was	
completely	 suppressed	 in	 all	 cases,	 but	more	 importantly,	 full	 conversion	 of	3.8a	was	 achieved	 for	 the	 first	 time	
(entries	 5-7).	 While	 tentative,	 these	 results	 could	 indicate	 that	 catalyst	 decomposition	 via	 the	 formation	 of	 Ni-
hydride	 species	 inhibits	 full	 consumption	 of	 3.8a	 while	 promoting	 the	 reduction	 of	 3.10a.	 Deprotonating	 these	
species	 with	 an	 amine	 base	 should	 regenerate	 the	 active	 Ni(0)	 catalyst	 allowing	 full	 conversion	 of	 the	 starting	
                                                
40	nBu4NOAc	had	been	used	as	an	activator	in	the	Ni-catalyzed	allylic	amination	of	allylic	alcohols:		Y.	Kita,	H.	Sakaguchi,	Y.	Hoshimoto,	D.	
Nakauchi,	Y.	Nakahara,	J-F.	Carpentier,	S.	Ogoshi,	K.	Mashima.	Chem.	Eur.	J.	2015,	21,	14571-14578.	
N
N
N
MeR = H (L3.7)
R = Me (L3.9)
Me3.8a
C5H11 OH
Ni(COD)2 (10 mol%)
 L3.7 or L3.9 (15 mol%)
CO2, Zn (1.5 equiv), additives (x equiv)
NMP (0.2 M), 40, 16 h
C5H11 CO2H
3.9a and
R RC5H11
CO2H3.10a
C5H11
CO2H3.10a’
Me
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material.	 Considering	 that	 at	 this	 point	 of	 the	 optimization	 we	 were	 using	 two	 additives	 and	 base	 to	 drive	 the	
reaction	 to	 completion,	 we	 wondered	 whether	 by	 using	 a	 large	 excess	 of	 CaCl2	 we	 could	 avoid	 using	 the	 more	
soluble	source	of	chloride	anions	(nBu4NCl).	Luckily,	the	utilization	of	a	large	excess	of	CaCl2	turned	out	to	enhance	
the	formation	of	3.10a,	which	could	be	afforded	with	excellent	selectivity	in	an	81%	isolated	yield	(entry	9).	
	
 
	
Entry	 Additives	 Base	 Conv	(%)a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	 3.10a’	(%)a	
1	 MgCl2	(0.6	eq),	nBu4NCl	(2.4	eq)	 -	 47	 20	 3:97	 4	
2	 CaCl2	(0.6	eq),	nBu4NCl	(2.4	eq)	 -	 69	 62	 3:97	 4	
3	 ZnCl2	(0.6	eq),	nBu4NCl	(2.4	eq)	 -	 25	 14	 3:97	 2	
4	 CaCl2	(2.0	eq),	nBu4NCl	(1.0	eq)	 -	 94	 49	 3:97	 4	
5	 CaCl2	(2.0	eq),	nBu4NCl	(1.0	eq)	 Cy2MeN	(1.0	equiv)	 99	 60	 3:97	 0	
6	 CaCl2	(2.0	eq),	nBu4NCl	(1.0	eq)	 DIPEA	(1.0	equiv)	 99	 56	 3:97	 0	
7	 CaCl2	(2.0	eq),	nBu4NCl	(1.0	eq)	 Et3N	(1.0	equiv)	 99	 59	 3:97	 0	
8	 CaCl2	(2.0	eq),	nBu4NCl	(1.0	eq)	 Et3N	(3.0	equiv)	 99	 66	 3:97	 0	
9	 CaCl2	(4.0	equiv)	 Et3N	(3.0	equiv)	 99	 86	(81)	 3:97	 0	
	
Reaction	conditions:	3.8a	 (0.25	mmol),	CO2	 (1	atm),	Ni(COD)2	(10	mol%),	L3.9	(10	mol%),	Zn	(0.38	mmol),	additives	(x	mmol),	DMA	(1.25	
mL),	40ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	the	starting	material	
to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.	
	
Table	3.9.	Screening	of	additives.	
	
Having	optimized	 the	 reaction	 to	obtain	3.10a,	we	decided	 to	 investigate	 important	deviations	 from	the	standard	
reaction	 conditions	 to	 confirm	 that	 all	 these	parameters	were	 crucial	 (Table	3.10).	As	we	had	observed	during	 this	
optimization	studies,	 the	utilization	of	Ni(II)	 sources	 resulted	 in	 lower	yield	and	conversion	of	 the	starting	material,	
suggesting	 that	Ni(0)L3.9	 formation	via	Zn	mediated	reduction	might	not	be	very	efficient	 (entries	2-4).	Highly	alkyl	
substituted	L3.9	demonstrated	to	be	superior	to	all	other	terpyridine	and	quaterpyridine	ligands	we	tried	(entries	5-8).	
Importantly,	 these	conditions	could	not	be	employed	to	afford	3.9a	by	using	L3.2	 (entry	9).	While	 the	utilization	of	
other	ethereal	or	amide-base	solvents	was	detrimental	for	the	reaction	(entries	10-12);	the	replacement	of	CaCl2	for	
other	 Ca-based	 Lewis	 acids	 inhibited	 the	 formation	of	3.10a	 completely	 (entries	 14-15).	 Likewise,	 the	 utilization	 of	
nBu4NCl	alone	resulted	 in	extremely	 low	reactivity	 towards	3.10a	 (entry	16).	These	results	 tacitly	demonstrated	the	
synergic	positive	effect	of	the	Ca2+	Lewis	acid	and	the	chloride	anion	in	CaCl2.	As	expected,	the	replacement	of	Et3N	for	
other	organic	or	 inorganic	bases	resulted	 in	 lower	conversion	and	yield,	and	higher	 formation	of	3.10a’	 (entries	17-
19).	In	a	similar	manner,	worst	results	were	also	obtained	by	replacing	Zn	for	Mn	powder,	as	we	had	observed	in	the	
previous	optimization	(entry	20).	
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N
N
Me
L3.9
Me3.8a
C5H11 OH
Ni(COD)2 (10 mol%)
 L3.9 (10 mol%)
CO2, Zn (1.5 equiv), additives (x equiv)
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C5H11 CO2H
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Me
L3.9
Me3.8a
C5H11 OH
Ni(COD)2 (10 mol%)
 L3.9 (10 mol%)
CO2, Zn (1.5 equiv), CaCl2 (4.0 equiv)
Et3N (3.0 equiv), DMA (0.2 M), rt, 16 h
C5H11 CO2H
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Me MeC5H11
CO2H3.10a
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Reaction	 conditions:	3.8a	 (0.25	mmol),	 CO2	 (1	 atm),	Ni(COD)2	 (10	mol%),	L3.9	 (10	mol%),	 Zn	 (0.38	mmol),	 CaCl2	 (1.0	mmol),	 Et3N	 (0.75	
mmol),	DMA	(1.25	mL),	40	ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	
the	starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.	
	
Table	3.10.	Deviation	from	standard	conditions.	
	
As	we	could	anticipate,	control	experiments	demonstrated	that	all	these	parameters	were	required	to	afford	3.10a	
in	high	yield.	Table	3.11	shows	that	in	the	absence	of	Ni,	ligand	or	Zn	no	carboxylation	of	3.8a	was	observed	(entries	2-
4).		More	importantly,	the	omission	of	CaCl2	resulted	in	no	conversion	of	the	starting	material,	thus	indicating	that	it	
has	 critical	 role	 in	 mediating	 one	 or	 more	 steps	 in	 the	 catalytic	 cycle	 (entry	 5).	 In	 addition,	 the	 omission	 of	 Et3N	
resulted	 in	 lower	yield	of	3.10a	and	reduction	to	3.10a’.	Finally,	 replacing	 the	CO2	atmosphere	with	argon	afforded	
low	 conversion	 of	 the	 starting	 material	 to	 the	 corresponding	 olefin	 (entry	 6).	 Although	 the	 presence	 of	 CO2	
considerably	 increases	 the	 conversion	 of	 3.8a,	 thus	 suggesting	 that	 it	 could	 be	 facilitating	 C-O	 cleavage	 by	 the	
proposed	strategy,	direct	oxidative	addition	of	the	allylic	alcohol	to	Ni(0)	species	 is	expected	to	be	slower,	although	
still	conceivable.	
		
	
	
Entry	 Deviation	from	standard	conditions	 Conv	(%)a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	 3.10a’	(%)a	
1	 none	 99	 86	(81)	 3:97	 0	
2	 no	Ni(COD)2	 0	 -	 -	 -	
3	 no	L3.9	 34	 0	 -	 -	
4	 no	Zn	 0	 -	 -	 -	
5	 no	CaCl2	 0	 -	 -	 -	
6	 no	Et3N	 99	 50	 3:97	 4	
N N
MeMe
Ph Ph
N
N N
N
N
N N
N
Me Me
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N
N
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Me
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C5H11 OH
Ni(COD)2 (10 mol%)
 L3.9 (10 mol%)
CO2, Zn (1.5 equiv), CaCl2 (4.0 equiv)
Et3N (3.0 equiv), DMA (0.2 M), rt, 16 h
C5H11 CO2H
3.9a and
Me MeC5H11
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C5H11
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Entry	
Deviation	from	standard	
conditions	
Conv	(%)	a	
Yield	
3.9a	+	3.10	(%)a	
3.9a:3.10aa	
3.10a’	
(%)a	
1	 none	 99	 86	(81)	 3:97	 0	
2	 NiBr2·glyme	instead	of	Ni(COD)2	 90	 62	 3:97	 0	
3	 NiCl2·glyme	instead	of	Ni(COD)2	 90	 57	 3:97	 0	
4	 Ni(acac)2	instead	of	Ni(COD)2	 87	 58	 3:97	 0	
5	 L3.8	instead	of	L3.9	 65	 27	 4:96	 0	
6	 L3.7	instead	of		L3.9	 82	 47	 4:96	 0	
7	 L3.5	instead	of		L3.9	 72	 38	 6:94	 0	
8	 L3.10	instead	of		L3.9	 67	 14	 15:85	 0	
9	 L3.2	(26	mol%)	instead	of		L3.9	 70	 32	 90:10	 0	
10	 THF	instead	of	DMA	 8	 0	 -	 -	
11	 DMF	instead	of	DMA	 99	 35	 3:97	 0	
12	 NMP	instead	of	DMA	 75	 45	 3:97	 0	
13	 MgCl2	instead	of	CaCl2	 98	 59	 3:97	 0	
14	 Ca(OTf)2	instead	of	CaCl2	 32	 0	 -	 -	
15	 CaI2	instead	of	CaCl2	 22	 0	 -	 -	
16	 nBu4NCl	instead	of	CaCl2	 10	 7	 -	 -	
17	 Na2CO3	instead	of	Et3N	 79	 31	 3:97	 3	
18	 DIPEA	instead	of	Et3N	 99	 67	 3:97	 0	
19	 Pyridine	instead	of	Et3N	 64	 16	 3:97	 1	
20	 Mn	instead	of	Zn	 43	 21	 -	 -	
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7	 no	CO2	 21	 -	 -	 -	
	
Reaction	 conditions:	3.8a	 (0.25	mmol),	 CO2	 (1	 atm),	Ni(COD)2	 (10	mol%),	L3.9	 (10	mol%),	 Zn	 (0.38	mmol),	 CaCl2	 (1.0	mmol),	 Et3N	 (0.75	
mmol),	DMA	(1.25	mL),	40	ºC,	16	h.	a	GC	conversion,	yield	and	selectivity	determined	using	anisole	as	internal	standard.	The	reduction	of	
the	starting	material	to	the	corresponding	olefin	accounts	for	the	mass	balance	as	the	major	side	product.		
	
Table	3.11.	Control	experiments.	
	
3.3.3.	Preparative	substrate	scope		
	
Having	optimized	conditions	to	either	access	α-linear	or	branched	carboxylic	acids,	we	next	turned	our	attention	to	
evaluate	the	generality	of	our	Ni-catalyzed	switchable	site-selective	carboxylation	of	allylic	alcohols	with	CO2	by	using	
a	Ni/L3	or	Ni/L8	couple	(Scheme	3.12).	All	the	allylic	alcohols	were	used	as	received	or	synthetized	in	one	or	two	steps	
through	Grignard	addition	 to	 the	 corresponding	aldehyde.	 In	 all	 the	 cases	we	analyzed,	 an	exquisite	 site-selectivity	
was	observed	regardless	of	whether	linear	or	α-branched	allylic	alcohols	were	utilized,	thus	indicating	that	substrate-
controlled	 site-selectivity	 does	 not	 come	 into	 play.	 This	 fact	was	 clearly	 demonstrated	 as	3.9a	 and	3.10b	 could	 be	
either	accessed	from	primary	allyl	alcohol	3.8a	or	 its	α-branched	analog,	observing	just	a	minimal	divergence	in	the	
isolated	yield	of	3.8a.	Additionally,	the	carboxylation	of	almost	all	the	explored	branched	allylic	alcohols	gave	rise	to	
the	more	thermodynamically	favored	(E)-configured	linear	carboxylic	acids	in	more	than	a	92:8	E/Z	ratio	(3.9a-3.9l	and	
3.9n).	Not	surprisingly,	tertiary	allyl	alcohols	as	3.8m	provided	3.9m	as	an	E	and	Z	mixture	(ratio	E/Z	=	45:55),	as	two	
possible	 nickel	 π-allyl	 intermediates	 with	 similar	 energy	 are	 formed	 upon	 oxidative	 addition.	 However,	 the	
substitution	 pattern	 on	 the	 double	 bond	 of	 the	 allyl	 terminus	 had	 no	 influence	 on	 reactivity	 or	 site-selectivity,	
obtaining	predominantly	 the	corresponding	 linear	or	α-branched	carboxylic	acids	with	the	appropriate	nickel/ligand	
system	(3.9c,	3.10c,	3.9e,	3.10e	and	3.9m,	3.10m.	In	a	similar	manner,	the	inclusion	of	substituents	in	the	α-position	
of	the	allyl	motif	had	no	influence	over	the	efficiency	of	the	reaction	as	3.9b,	3.10b	and	3.9h,	3.10h	were	obtained	in	
good	yields.	Nevertheless,	these	substituents	did	have	a	minor	influence	over	the	site-selectivity	of	3.10b	and	3.10h,	
which	were	obtained	in	82:18	and	85:15	branched/linear	ratios,	respectively.	This	lower	selectivity	could	indicate	that	
the	 direct	 nucleophilic	 attack	 of	 the	 γ-carbon	 of	 the	 olefin	 to	 CO2	 could	 be	 partially	 disfavored	 due	 to	 the	 steric	
hindrance	 of	 this	 substituent.41	Regarding	 the	 functional	 group	 compatibility	 of	 our	 carboxylation,	 the	 presence	 of	
esters	 (3.9i,	 3.10i),	 acetals	 (3.9h,	 3.10h)	 or	 aryl	 chlorides	 (3.9j,	 3.10j)	 did	 not	 interfere,	 thus	 providing	 ample	
opportunities	 for	 further	 functionalization	 of	 these	 functional	 groups.	 Likewise,	 the	 presence	 of	 C–O	 electrophilic	
sites,	which	have	successfully	been	utilized	in	Ni-catalyzed	cross-coupling	reactions,	such	as	aryl	methyl	ethers	(3.9g,	
3.10g)	 or	 aryl	 pivalates	 (3.9k,	 3.10k)	 did	 not	 compete	 with	 the	 efficacy	 of	 the	 carboxylation	 event.	 Particularly	
noteworthy	 was	 the	 ability	 to	 access	 quaternary	 centers	 (3.10m),	 as	 the	 examples	 of	 cross-electrophile	 utilizing	
tertiary	alkyl	electrophiles	are	still	scarce.42	
                                                
41		See	the	proposed	mechanism	for	more	details. 
42	a)	X.	Wang,	S.	Wang,	W.	Xue,	H.	Gong,	J.	Am.	Chem.	Soc.	2015,	137,	11562-11565.	b)	C.	Zhao,	X.	Jia,	X.	Wang,	H.	Gong,	J.	Am.	Chem.	Soc.	
2014,	136,	17645-17651.	c)	M.	Borjesson,	T.	Moragas,	R.	Martin,	J.	Am.	Chem.	Soc.	2016,	138,	7504-7507.	d)	X.	Wang,	G.	Ma,	Y.	Peng,	C.	E.	
Pitsch,	B.	J.	Moll,	T.	D.	Ly,	X.	Wang,	H.	Gong,	J.	Am.	Chem.	Soc.	2018,	140,	14490-14497.	
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Reaction	 conditions	 for	 linear	 acids:	 3.8a-n	 (0.25	mmol),	 CO2	 (1	 atm),	NiBr2·glyme	 (10	mol%),	 bathocuproine	 L3.2	 (26	mol%),	 Zn	 (1.0	
mmol),	MgCl2	(0.3	mmol),	DMF	(2.5	mL),	40	ºC,	40	h.	Yield	 is	that	of	 isolated	product,	and	an	average	of	at	 least	two	Independent	runs.	
3.9a–3.9n	were	all	obtained	in	99:1	(linear/branched)	ratio.	3.9a–3.9l	and	3.9n	were	obtained	in	>	92:8	E/Z	ratio.	a	From	linear	alcohol.	b	
From	a	branched	alcohol.	c	Zn	(2.50	equiv)	in	DMF	(0.07	M).	d	E/Z=45:55.	Reaction	conditions	for	α -branched	acids:	3.8a-n	(0.25	mmol),	
CO2	(1	atm),	Ni(COD)2	(10	mol%),	L3.9	(10	mol%),	Zn	(0.38	mmol),	CaCl2	(1.0	mmol),	Et3N	(0.75	mmol)	DMA	(1.25	mL),	rt,	16	h.	Yield	is	that	
of	isolated	product,	and	an	average	of	at	least	two	Independent	runs.	With	the	exception	of	3.10b	and	3.10h,	all	products	were	obtained	in	
>	92:8	(branched/linear)	ratio.	e	82:18	(branched/linear).	f	85:15	(branched/linear)	and	1:1	diastereomeric	ratio.		
	
Scheme	3.12.	Scope	of	the	switchable	site-selective	catalytic	carboxylation	of	allylic	alcohols	with	CO2.	
	
3.3.4.	Application	to	isomeric	geraniol,	nerol	and	linalool	natural	allylic	alcohols	
	
Having	 demonstrated	 the	 versatility	 of	 our	 site-switchable	 carboxylation	with	 a	wide	 variety	 of	 allylic	 alcohols	 to	
afford	either	 (E)-configured	 linear	 carboxylic	 acids	or	α-branched	 carboxylic	 acids,	we	next	 turned	our	 attention	 to	
exploring	the	carboxylation	of	some	monoterpenoid	allylic	alcohol	isomers	(Scheme	3.13).	While	the	carboxylation	of	
these	 substrates	 would	 certainly	 demonstrate	 the	 applicability	 of	 our	 methodology	 to	 naturally	 abundant	 allylic	
alcohols,	 the	 different	 configuration	 and	 substitution	 of	 the	 double	 bond	 in	 3.8o,	 3.8p	 and	 3.8q	 would	 certainly	
provide	valuable	information	about	the	stereoselectivity	of	the	reaction.	Under	conditions	to	afford	linear	carboxylic	
acids,	we	 observed	 a	 decent	 degree	 of	 stereoretention	 of	 the	 double	 bond	 configuration	 by	 using	 (E)-configured	
geraniol	 (3.8o)	and	(Z)-configured	nerol	(3.8p),	thus	 indicating	that	E/Z-isomerization	through	π-allyl	 formation	does	
not	occur	to	a	 large	extent.	This	 intriguing	dichotomy	exerted	by	the	configuration	of	the	double	bond	 in	the	allylic	
alcohol	precursor	could	be	derived	from	subtle	changes	in	the	hapticities	of	the	intermediate	allyl-Ni	complex	or	the	
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known	 ability	 of	 tethered	 alkenes	 on	 the	 side-chain	 to	 act	 as	 intramolecular	 directing	 groups.43	As	 it	 could	 be	
anticipated	 from	 previous	 results,	 the	 carboxylation	 of	 linalool	 (3.8q),	 which	 necessarily	 proceeds	 through	 two	
possible	π-allyl	 intermediate,	afforded	3.9q	as	an	E	and	Z	mixture.	 In	contrast,	quaternary	carboxylic	acid	3.10q	was	
exclusively	obtained	from	geraniol,	nerol	or	linalool	under	conditions	to	afford	α-branched	carboxylic	acids.	
	
	
	
Reaction	 conditions	 for	 linear	 acids:	3.8o-q	 (0.25	mmol),	 CO2	 (1	 atm),	NiBr2·glyme	 (10	mol%),	 bathocuproine	 L3.2	 (26	mol%),	 Zn	 (1.0	
mmol),	MgCl2	(0.3	mmol),	DMF	(2.5	mL),	40	ºC,	16	h.	Yield	is	that	of	isolated	product,	and	an	average	of	at	least	two	Independent	runs.	15n	
obtained	in	99:1	(linear/branched)	ratio	in	all	cases.	Reaction	conditions	for	α -branched	acids:	3.8o-q	(0.25	mmol),	CO2	(1	atm),	Ni(COD)2	
(10	mol%),	L3.9	 (10	mol%),	Zn	(0.38	mmol),	CaCl2	(1.0	mmol),	Et3N	(0.75	mmol)	DMA	(1.25	mL),	rt,	16	h.	Yield	is	that	of	isolated	product,	
and	an	average	of	at	least	two	Independent	runs.		
	
Scheme	3.13.	Scope	of	the	catalytic	carboxylation	using	geraniol,	nerol	and	linalool	natural	products.	
	
	
3.3.5.	Formal	total	synthesis	of	(+)-trans-cognaclactone	and	related	natural	products	
	
Having	demonstrated	 the	 synthetic	 potential	 of	 our	 nickel-catalyzed	 carboxylation	 in	 the	 functionalization	of	 allyl	
alcohols,	we	wondered	if	it	could	be	applicable	in	the	context	of	natural	product	synthesis	(Scheme	3.14).	Specifically,	
we	 attempted	 a	 simple	 three-step	 sequence	 consisting	 of	 a	 direct	 carboxylation	 of	3.8a,	 followed	 by	 esterification	
with	TMSCHN2	and	final	Sharpless	asymmetric	dihydroxylation	to	afforded	3.12	in	good	overall	yield,	thus	constituting	
a	formal	total	synthesis	of	(+)-trans-cognaclactone	(3.13)44	and	other	related	natural	products.45	
	
	
Reaction	conditions	for	the	carboxylation:	3.8a	(0.25	mmol),	CO2	(1	atm),	NiBr2·glyme	(10	mol%),	bathocuproine	L3.2	(26	mol%),	Zn	(1.0	
mmol),	MgCl2	(0.3	mmol),	DMF	(2.5	mL),	40	ºC,	40	h,	70%	yield.	Yield	is	that	of	isolated	product,	and	an	average	of	at	least	two	Independent	
                                                
43	K.	M.	Miller,	T.	F.	Jamison,	J.	Am.	Chem.	Soc.	2004,	126,	15342-15343.	
44	H.	Takahata,	Y.	Uchida,	T.	Momose,	J.	Org.	Chem.	1995,	60,	5628-5633.	
45	a)	T.	Kapferer,	R.	Brückner,	A.	Herzig,	W.	A.	Kçnig,	Chem.	Eur.	J.	2005,	11,	2154-2162.	b)	C.	García,	M.	Soler,	V.	S.	Martín,	Tetrahedron	
Lett.	2000,	41,	4127-4130.	
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runs.	Esterification:	3.9a	(0.72	mmol)	in	Et2O/MeOH	(2:1),	TMSCHN2	(10%	in	hexanes),	64%	yield.	Dihydroxylation:	3.11	(0.29	mmol),	AD-
mix	α	(500	mg),	MeSO2NH2	(0.35	mmol),	tBuOH/H2O	(1:1),	0	ºC,	3d,	90%	yield.	
	
Scheme	3.14.	Formal	total	synthesis	of	(+)-trans-cognaclactone.	
	
The	applicability	of	our	Ni-catalyzed	carboxylation	to	a	wide	range	of	allylic	alcohols	having	diverse	structural	motifs	
(Scheme	3.12),	and	its	utility	in	the	functionalization	of	naturally	abundant	allylic	alcohols	(Scheme	3.13)	and	in	natural	
product	 synthesis	 (Scheme	 3.14)	 show	 the	 prospective	 potential	 of	 our	 methodology	 in	 the	 context	 of	 reductive	
carboxylation	reactions	using	challenging	C-O	electrophiles.	
	
3.3.6.	Mechanistic	studies		
	
3.3.6.1.	Stoichiometric	experiments	with	Ni(0)L2	and	Ni(COD)2/L	
	
With	 the	aim	of	performing	stoichiometric	and	catalytic	 studies	with	 isolated	and	characterized	Ni-complexes,	we	
attempted	the	synthesis	of	both	Ni(0)-complexes	from	Ni(COD)2.	While	Ni(0)(L3)2	(3.14)	could	be	easily	synthetized	by	
following	a	 reported	 literature	procedure,46	the	 synthesis	of	Ni(0)(Lx)	 proved	more	 challenging	as	 complex	 reaction	
mixtures	 or	 uncompleted	 reactions	were	 observed.	 These	 results	were	 not	 surprising	 considering	 that	most	 of	 the	
known	 Ni-terpyridine	 complexes	 are	 formally	 Ni(II)/Ni(I)-halide	 or	 Ni(I)-alkyl	 complexes.47 	Nevertheless,	 cationic	
oxidative	 addition	 complexes	 such	 as	 [Ni(II)(tpy)(Me)]+I-	 or	 [Ni(II)(tpy)(Me)]+PF6
-	 have	 been	 successfully	 isolated	 by	
treating	 Ni(COD)2	 with	 tpy	 (4,4’,4’’-(tBu)3-terpyridine	 (L3.6))	 in	 the	 presence	 of	 methyl	 iodide	 and	 stopping	 the	
reaction	at	early	 reaction	 times.48	Despite	 the	unsuccessful	preparation	of	Ni(0)L3.9	 complex	 in	an	analytically	pure	
form,	we	decided	to	carry	our	mechanistic	studies	by	employing	Ni(COD)2/L3.9	instead.		
	
Although	an	unambiguous	understanding	on	how	these	reactions	work	at	the	molecular	level	should	await	further	
investigations,	we	turned	our	attention	to	gather	empirical	evidence	about	the	intriguing	role	of	the	ligand	by	studying	
the	reactivity	of	these	two	Ni(0)	species.	Firstly,	stoichiometric	experiments	were	conducted	both	in	the	presence	and	
absence	of	the	metal	reductant	(Scheme	3.15).	While	a	Ni(0)(L3.2)2	(3.14)	required	the	presence	of	Zn	to	afford	3.9n,	
the	 corresponding	 Ni(COD)2/L3.9	 couple	 cleanly	 produced	 a	 73%	 yield	 of	 3.10n	 in	 the	 absence	 of	 reductant,	 thus	
evidencing	 the	 unique	 role	 exerted	 by	 the	 ligand	 backbone.	 Although	 speculative,	 these	 results	might	 suggest	 the	
intermediacy	of	in-situ	generated	η1-Ni(I)	intermediates	with	bidentate	L3.2,	in	which	CO2	insertion	takes	place	at	the	
α-carbon	 (Scheme	3.15,	 left).49	In	 contrast,	 the	high	yield	observed	 in	 the	absence	of	 reductant	by	using	 tridentate	
L3.9	 points	 towards	 the	 intermediacy	of	η1-Ni(II)	 species,	 in	which	C–C	bond-formation	occurs	 through	nucleophilic	
attack	 of	 the	 γ-carbon	 of	 the	 alkene	 to	 CO2	 (Scheme	 3.15,	 right).	 This	 mechanistic	 interpretation	 is	 somewhat	
reminiscent	 of	 the	 elegant	 Pd-catalyzed	 carboxylation	 of	 allenes	 via	 η1-allyl-Pd(II)	 intermediates	 possessing	
structurally	 related	 tridentate	 pincer-type	 ligands. 50 	Interestingly,	 neither	 CaCl2	 or	 Et3N	 were	 found	 to	 be	
indispensable	 to	 afford	 the	 carboxylation	 of	 3.8n	 when	 stoichiometric	 amount	 of	 Ni(COD)2/L3.9	 was	 employed.	
However,	the	absence	of	these	additives	did	have	an	impact	on	the	reaction	conversion,	possibly	 indicating	that	the	
reaction	is	occurring	at	a	slower	rate.	These	results	are	in	sharp	contrast	to	what	was	found	in	the	catalytic	version,	
where	CaCl2	was	 required	 in	order	 to	afford	 conversion	of	3.8a	 (Table	3.11,	entry	5).	Overall,	 these	 results	 suggest	
CaCl2	could	have	a	role	in	accelerating	oxidative	addition	or	CO2	insertion,	but	it	is	definitely	implicated	in	turning	over	
the	catalytic	cycle.		
	
                                                
46	X.	Wang,	Y.	Liu,	R.	Martin,	J.	Am.	Chem.	Soc.	2015,	137,	6476-6479.	
47	Y.	H.	Budnikova,	D.	A.	Vicic,	A.	Klein,	Inorganics.	2018,	6,	18.	
48	a)	G.	D.	Jones,	C.	McFarland,	T.	J.	Anderson,	D.	A.	Vicic,	Chem.	Commun.	2005,	4211-4213.	b)	G.	D.	Jones,	J.	L.	Martin,	C.	McFarland,	O.	R.	
Allen,	R.	E.	Hall,	A.	D.	Haley,	R.	J.	Brandon,	T.		Konovalova,	P.	J.	Desrochers,	P.	Pulay,	et	al.	J.	Am.	Chem.	Soc.	2006,	128,	13175-13183.	
49	For	the	in-situ	generation	of	Ni(I)	from	Ni(II):	a)	C.	A.	Laskowski,	D.	J.	Bungum,	S.	M.	Baldwin,	S.	A.	Del	Ciello,	V.	M.	Iluc,	G.	L.	Hillhouse,	J.	
Am.	Chem.	Soc.	2013,	135,	18272-18275.	b)	J.	Breitenfeld,	J.	Ruiz,	M.	D.	Wodrich,	X.	Hu,	J.	Am.	Chem.	Soc.	2013,	135,	12004-12012.	c)	S.	
Biswas,	D.	J.	Weix,	J.	Am.	Chem.	Soc.	2013,	135,	16192-16197.	
50	a)	H.	-W.	Suh,	L.	M.	Guard,	N.	Hazari,	Chem.	Sci.	2014,	5,	3859-3872.	b)	J.	Takaya,	N.	Iwasawa,	J.	Am.	Chem.	Soc.	2008,	130,	15254-15255.		
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Scheme	3.15.	Stoichiometric	experiments	with	Ni(0)(L3.2)2	and	Ni(COD)2/L3.9	with	and	without	Zn.	
	
In	order	to	shed	some	light	over	the	possible	role	of	CO2	mediating	oxidative	addition	through	the	in-situ	formation	
of	 hemicarbonates	 or	 carbonic	 acids,	we	 decided	 to	 study	 the	 conversion	 of	3.8n	when	 exposed	 to	 stoichiometric	
amounts	of	Ni(0)(L3.2)2	 and	Ni(COD)2/L3.9	 in	 the	absence	of	CO2	 (Scheme	3.16).	 If	 direct	oxidative	addition	of	 allyl	
alcohol	3.8n	to	these	Ni(0)	complexes	would	be	a	fast	process,	a	high	conversion	towards	the	corresponding	reduced	
or	 dimerized	 products	would	 be	 expected	 upon	 acidic	 quench	 of	 the	 putative	Ni(II)	 intermediates.	 In	 contrast,	we	
observed	a	complete	absence	of	reactivity	when	3.8n	was	exposed	to	Ni(0)(L3.2)2	even	in	the	presence	of	Lewis	acids.	
Similarly,	a	modest	18%	conversion	was	observed	when	Ni(COD)2/L3.9	was	used	in	combination	with	Et3N	and	CaCl2.	
Although	tentative,	these	results	might	indicate	that	the	actual	reactive	species	are	the	proposed	CO2	adducts,	which	
are	 known	 to	 be	 in	 equilibrium	with	 the	 corresponding	 allyl	 alcohols.31	Nevertheless,	 in	 order	 to	 fully	 support	 this	
pathway,	 stronger	 evidence	 would	 be	 required.	 The	 direct	 measurement	 of	 this	 equilibrium,	 the	 isolation	 and	
characterization	of	some	of	the	reactive	intermediates	or	the	development	of	other	Ni-catalyzed	processes	that	used	
CO2	as	an	activating	reagent	would	help	in	determining	the	actual	pathway	for	oxidative	addition.	
	
	
	
Scheme	3.16.	Stoichiometric	experiments	with	Ni(0)(L3.2)2	and	Ni(COD)2/L3.9	in	the	absence	of	CO2		
	
3.3.6.2.	Control	experiments	with	allyl	chlorides	
	
Although	 one	 might	 argue	 that	 large	 amounts	 of	 MgCl2	 or	 CaCl2	 might	 generate	 an	 allyl	 chloride	 in-situ	 upon	
exposure	 to	 an	 allyl	 alcohol,	 control	 experiments	 ruled	 out	 this	 possibility	 (Scheme	 3.17,	 top).	 Additionally,	 we	
demonstrated	the	corresponding	allyl	chloride	3.15	was	not	a	competent	electrophile	under	our	reaction	conditions	
(Scheme	3.17,	bottom).	While	 in	 the	absence	of	Lewis	acids	 full	conversion	to	dimerized	and	reduced	products	was	
observed,	 the	 presence	of	 either	MgCl2	 or	 CaCl2	 allowed	 the	 formation	of	 carboxylation	products	 in	 less	 than	 10%	
yield.	These	results	could	be	ascribed	to	the	known	ability	of	these	additives	in	facilitating	CO2	insertion	into	Ni-alkyl	
intermediates.	
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Scheme	3.17.	Control	experiments	with	allyl	chlorides.	
	
3.3.7.	Proposed	reaction	mechanism	
	
3.3.7.1.	Proposed	reaction	mechanism	for	the	synthesis	of	linear	carboxylic	acids	
	
Although	our	 available	data	does	not	 allow	us	 to	 rule	out	other	possibilities,	 at	 present	we	propose	 the	 catalytic	
cycle	depicted	in	Scheme	3.18	as	the	most	likely	scenario.	Based	on	the	observed	reactivity	of	Ni(0)-complex	3.14,	we	
propose	 initial	 formation	 of	 catalytically	 active	 species	 LXXII	 through	 two	 consecutive	 SET	 events	mediated	 by	 Zn.	
Coordination	 of	 this	 complex	 to	 the	 alkene	 followed	 by	 oxidative	 addition	 of	 the	 more	 reactive	 carbonic	 acid	 or	
hemicarbonates	 should	 give	 rise	 to	 cationic	 π-allyl	 intermediate	 CXXIII,	 in	 which	 the	 lower	 binding	 affinity	 of	 the	
carbonate	anion	as	compared	to	hydroxide	should	facilitate	its	formation.	The	higher	reactivity	of	these	CO2	bound	C-
O	 electrophiles	 as	 compared	 to	 allylic	 alcohols	 is	 supported	 by	 the	 literature30-33	 and	 by	 the	 observed	 negligible	
conversion	when	directly	exposing	allyl	alcohols	3.8n	to	Ni(0)(Lx)2	in	the	absence	of	CO2	(Scheme	3.16).	Based	on	the	
known	reactivity	of	Ni(I)-alkyl	complexes	towards	CO2	insertion
51,	42c	and	the	lack	of	reactivity	of	3.8n	in	the	absence	of	
metal	reductant	(Scheme	3.15,	left),	we	propose	Zn	mediated	SET	might	be	required	in	order	to	promote	efficient	CO2	
insertion	into	a	more	nuclueophilic	C(sp3)-Ni(I)	bond.	Although	two	possible	alkyl-Ni(I)	species	could	be	formed	upon	
reduction	of	CXXIII,	the	high	rigidity	of	the	phenanthroline	ligand,	and	the	steric	bulk	of	the	ortho-substituents	would	
most	 likely	 favor	 the	 formation	 of	 a	 primary	Ni(I)-alkyl	 complex	 (CXVIII),	 being	 this	 the	 origin	 behind	 the	 excellent	
levels	of	selectivity	when	using	L3.2.	Indeed,	as	reported	in	the	literature39	and	as	observed	in	the	previous	sections,	
CO2	insertion	could	be	assisted	by	MgCl2	to	afford	Ni(I)-carboxylate	CXXIV.	Considering	that	the	use	of	MgCl2	was	not	
imperative	 to	afford	a	 catalytic	 transformation	 (Table	3.6,	entry	5),	we	propose	Zn	might	directly	mediate	 the	 final	
reductive	 transmellation	 of	 CXXIV	 to	 regenerate	 the	 catalytically	 active	 Ni(0)	 specie	 (CXXII)	 with	 concomitant	
generation	 of	 Zn-carboxylate	 CXXV.	 Final	 acidic	 workup	 of	 the	 reaction	 should	 afford	 the	 corresponding	 linear	
carboxylic	acid.	
		
	
                                                
51	J.	B.	Diccianni,	C.	T.	Hu,	T.	Diao,	Angew.	Chem.,	Int.	Ed.	2019,	58,	13865-13868.		
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DMA (0.2 M), rt, 16 h
with or without Et3N
C5H11 CO2H
3.9a
NiBr2·glyme (10 mol%)
bathocuproine, L3.2 (26 mol%)
3.8a
C5H11 Cl
3.15MgCl2 (x equiv)
CO2, Zn (4.0 equiv)
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Scheme	3.18.	Proposed	reaction	mechanism	via	Ni(II)/Ni(I)/Ni(0)	for	the	formation	of	linear	carboxylic	acids.	
	
3.3.7.2.	Proposed	reaction	mechanism	for	the	synthesis	of	α -branched	carboxylic	acids	
	
The	 observations	made	 throughout	 the	 optimization	 and	 the	 preliminary	mechanistic	 experiments	 allowed	 us	 to	
establish	a	rationale	for	the	preparation	of	α-branched	carboxylic	acids	(Scheme	3.19).	The	formation	of	catalytically	
active	 CXXVI	 should	 occur	 easily	 upon	 L3.9	 coordination	 to	 Ni(COD)2.	 As	 proposed	 previously	 and	 supported	 by	
stoichiometric	experiments,	oxidative	addition	of	the	in-situ	formed	carbonic	acids	or	hemicarbonates	should	give	rise	
to	Ni(II)	intermediate	CXXVII.	Contrary	to	the	use	of	bidentate	phenanthroline	ligands,	which	are	known	to	favor	η3-
coordination,52	tridentate	 terpyridine	 ligands	 such	 as	 L3.9	 would	 promote	 the	 formation	 of	 cationic η1-alkyl-Ni(II)L	
complexes.	Additionally,	the	higher	binding	affinity	of	a	pyridine	ligand	as	compared	to	an	internal	alkene	would	favor	
this	type	of	coordination	in	CXXVII.	Considering	that	stoichiometric	experiments	with	Ni(COD)2/L3.9	in	the	absence	of	
any	metal	reductant	afforded	3.10n	 in	73%	yield	(Scheme	3.19,	right),	we	propose	CO2	insertion	is	directly	occurring	
into	 CXXVII	 without	 prior	 SET	 reduction	 to	 Ni(I).	 However,	 taking	 into	 account	 the	 redox-active	 nature	 of	 the	
terpyridine	 ligands,	we	 cannot	 rule	 out	 ligand	 enabled	 reduction	 to	Ni(I)	 to	 facilitate	 CO2	 insertion.	 As	 it	 has	 been	
proposed	in	the	literature	using	related	Pd-53	and	Ni-complexes,5		CO2	insertion	is	most	likely	occurring	via	transition	
state	CXXVIII,	 in	which	 direct	 nucleophilic	 attack	 of	 the	 γ-carbon	 of	 the	 alkene	 to	 CO2	 allows	 the	 formation	 of	 an	
alkene	coordinated	Ni(II)	 intermediate	that	rapidly	 isomerizes	to	form	Ni(II)-carboxylate	CXXIX.	Considering	that	our	
optimization	 studies	 and	 the	 control	 experiments	 in	 the	 absence	 of	 CaCl2	 (Table	 3.11,	 entry	 5)	 revealed	 that	 the	
utilization	of	a	Lewis	acid	containing	a	chloride	anion	is	a	requisite	in	the	catalytic	reaction,	we	proposed	this	additive	
is	likely	enabling	the	regeneration	of	the	active	catalyst.	As	initially	proposed	by	Hazari,54	salt	metathesis	of	CaCl2	with	
CXXIX,	should	generate	Ca-carboxylate	CXXX	and	Ni(II)-chloride	intermediate	CXXXI,	which	presumably	could	be	more	
easily	 reduced	 than	 the	 corresponding	 carboxylate.	 This	 hypothesis	 gains	 credence	 when	 considering	 that	 the	
stoichiometric	 carboxylation	3.14	 afforded	 51%	 yield	 of	 the	 branched	 carboxylic	 acid	 in	 the	 absence	 of	 CaCl2,	 thus	
suggesting	that	this	additive	is	most	probably	implicated	at	the	last	stages	of	the	catalytic	cycle,	possibly	enabling	the	
regeneration	 of	 the	 active	 Ni(0)	 species	CXXVI	 via	CXXXI.	 Nevertheless,	 further	 experimentation	with	 isolated	 and	
characterized	complexes	or	DFT	calculations	would	be	required	to	elucidate	the	actual	mechanism	of	the	reaction.	
                                                
52	For	a	representative	example	of	phenanthroline	Ni-complexes:	P.	B.	Kraikivskii,	H-F.	Klein,	V.	V.	Saraev,	R.	Meusinger,	I.	Svoboda,	M.	
Pashchanka,	J.	Organomet.	Chem.	2009,	694,	3912-3917.	For	a	representative	example	of	bipyridine	Pd-complexes:	A.	Albinati,	R.	W.	Kunz,	
C.	J.	Ammann,	P.	S.	Pregosin,	Organometallics,	1991,	10,	1800-1806.	
53	a)	J.	Wu,	J.	C.	Green,	N.	Hazari,	D.	P.	Hruszkewycz,	C.	D.	Incarvito,	T.	J.	Schmeier	Organometallics	2010,	29,	6369-6376.	b)	M.	T.	Johnson,	
R.	Johansson,	M.	V.	Kondrashov,	G.	Steyl,	M.	S.	G.	Ahlquist,	A.	Roodt,	O.	F.	Wendt,	Organometallics	2010,	29,	3521-3529.	
54	D.	J.	Charboneau,	G.	W.	Brudvig,	N.	Hazari,	H.	M.	C.	Lant,	A.	K.	Saydjari,	ACS	Catal.	2019,	9,	3228-3241. 
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Scheme	3.19.	Proposed	reaction	mechanism	via	Ni(II)/Ni(0)	for	the	formation	of	α-branched	carboxylic	acids.	
	
3.4.	Conclusions	
	
In	this	chapter	we	have	summarized	our	efforts	towards	the	development	of	a	Ni-catalyzed	switchable	site-selective	
carboxylation	of	allylic	alcohols	with	CO2.	Throughout	 the	optimization	we	discovered	 the	 feasibility	of	 this	concept	
utilizing	pyridine-based	 ligands	 in	combination	with	chloride	containing	Lewis	acids.	While	 the	different	denticity	of	
the	ligands	provides	access	to	two	distinct	mechanisms	for	CO2	insertion,	controlling	the	selectivity	of	the	process,	the	
utilization	of	MCl2	Lewis	acids	seems	to	be	enhancing	the	overall	reactivity	of	the	catalytic	cycle.	Additionally,	CO2	is	
being	used	to	enhance	the	reactivity	of	allylic	alcohols	through	the	in-situ	formation	of	more	reactive	carbonic	acids	or	
hemicarbonate	species.30-33	Given	the	mild	conditions	associated	to	this	reductive	carboxylation,	this	process	could	be	
applied	to	a	wide	variety	of	allylic	alcohols	containing	different	functional	groups.	More	importantly,	the	process	was	
characterized	 by	 a	 broad	 generality	 allowing	 the	 carboxylation	 of	 structurally	 diverse	 allylic	 alcohols	 with	 high	
selectivity	to	form	either	linear	or	α-branched	carboxylic	acids.	This	observation	made	us	attempt	the	carboxylation	of	
some	natural	allylic	alcohols	to	provide	direct	access	to	either	naturally	derived	linear	carboxylic	acids	or	α-branched	
quaternary	 carboxylic	 acids.	 Additionally,	 our	 carboxylation	 technology	 could	 be	 applied	 in	 the	 context	 of	 natural	
product	 synthesis	 to	 easily	 afford	 (+)-trans-cognaclactone	 or	 related	 natural	 products.44,45	 Preliminary	 mechanistic	
investigations	have	been	conducted	with	stoichiometric	amounts	of	isolated	and	characterized	Ni(0)-complexes	(3.14)	
or	 a	 combination	 of	 Ni(COD)2	 and	 ligand.	 These	 results	 gave	 valuable	 insight	 about	 the	 oxidation	 state	 of	 the	 Ni-
intermediate	prior	to	CO2	insertion,	some	hints	about	the	possible	role	of	the	additives	and	the	involvement	of	CO2	in	
facilitating	oxidative	addition.	Nevertheless,	 in	depth	mechanistic	 investigations	would	 still	be	 required	 to	elucidate	
the	full	mechanistic	picture	of	these	transformations.	 	
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3.5.	Experimental	Procedures		
	
General	considerations		
	
Reagents.	Commercially	available	materials	were	used	without	further	purification.	NiBr2·glyme	(97%	purity;	a	better	
reproducibility	was	found	when	stored	in	the	glovebox),	MgCl2	anhydrous	(98%	purity),	CaCl2	anhydrous	(>92%	purity,	
grinded	 inside	 the	 glovebox),	 Et3N	 anhydrous,	 nerol	 (>97%	 purity),	 linalool	 (>97%	 purity),	 and	 zinc	 dust	 (<10	 μm,	
>98%)	 were	 purchased	 from	 Aldrich.	 Anhydrous	 N,N-dimethylformamide	 (DMF,	 99.8%	 purity)	 	 and	 N,N-
dimethylacetamide	 (DMA,	 99.8%	 purity)	 were	 purchased	 from	 Acros	 Organics.	 2-octen-1-ol	 (>97%	 purity)	 was	
obtained	from	Alfa	Aesar,	geraniol	(>96%	purity)	and	L3.7	(>98%	purity)	from	TCI,	L3.5	(>98%	purity)	from	HETCAT	and	
Ni(COD)2	was	obtained	from	Strem	Chemicals.	
	
Analytical	methods.	1H	and	13C	NMR	spectra	were	recorded	on	a	Bruker	300MHz,	400	MHz	and	500	MHz	at	20	°C.	All	
1H	 NMR	 spectra	 are	 reported	 in	 parts	 per	million	 (ppm)	 downfield	 of	 TMS	 and	were	 calibrated	 using	 the	 residual	
solvent	 peak	of	 CHCl3	 (7.26	ppm),	 unless	 otherwise	 indicated.	All	
13C	NMR	 spectra	 are	 reported	 in	 ppm	 relative	 to	
TMS,	were	 calibrated	using	 the	 signal	 of	 residual	CHCl3	 (77.16	ppm),	 and	were	obtained	with	
1H	decoupling	unless	
otherwise	 indicated.	 Coupling	 constants,	 J,	 are	 reported	 in	 Hertz.	Melting	 points	 were	measured	 using	 open	 glass	
capillaries	 in	 a	Büchi	B540	apparatus.	 Infrared	 spectra	were	 recorded	on	a	Bruker	Tensor	27.	Gas	 chromatographic	
analyses	were	performed	on	Hewlett-Packard	6890	gas	chromatography	instrument	with	a	FID	detector using	25m	x	
0.20	 mm	 capillary	 column	 withcross-linked	 methyl	 siloxane	 as	 the	 stationary	 phase.	 Flash	 chromatography	 was	
performed	with	EM	Science	silica	gel	60	(230-	400	mesh).	The	yields	reported	as	part	of	the	substrate	scope	represent	
an	average	of	at	least	two	independent	runs.		
	
Optimizations	details	
	
General	 procedure.	 An	 oven-dried	 schlenk	 tube	 containing	 a	 stirring	 bar	 was	 charged	 with	 Zn	 dust	 and	 the	
corresponding	 ligand.	 Subsequently	 the	 Schlenk	 tube	 was	 introduced	 into	 the	 glove	 box	 and	 charged	 with	 the	
corresponding	nickel	source	and	additives.	The	tube	was	taken	out	of	the	glovebox	and	connected	to	a	vacuum	line	
where	 it	 was	 evacuated	 and	 back-filled	 under	 CO2	 flow	 for	 at	 least	 3	 times.	 Allyl	 alcohol	 3.8	 (0.2	 mmol),	 Et3N	 (if	
applicable)	and	the	solvent	were	added	under	CO2	flow.	Once	added,	the	schlenk	tube	was	closed	at	1	atm	of	CO2	and	
stirred	for	16	hours	at	40	ºC	h.	The	mixture	was	carefully	quenched	with	2M	HCl	to	hydrolyze	the	resulting	carboxylate	
and	 diluted	 with	 AcOEt.	 A	 sample	 of	 such	 obtained	 solution	 was	 analyzed	 by	 1H-NMR	 spectroscopy	 using	 1,3,5-
trimethoxybenzene	as	internal	standard	or	by	gas	chromatography	analysis	(GC)	using	anisole	as	internal	standard.	If	
needed,	the	resulting	carboxylic	acid	was	purified	by	column	chromatography	on	silica	gel	(pentane/Et2O	6/1	followed	
by	pentane/Et2O	1/1)	to	deliver	the	expected	product.	
	 	
Switchable	Site-Selective	Catalytic	Carboxylation	of	Allylic	Alcohols	with	CO2	
	
	 180	
Synthesis	of	the	ligand	(Lx)	
	
	
Synthesis	of	4,4'',6,6''-tetramethyl-2,2':6',2''-terpyridine	(L3.9).	2-bromo-4,6-dimethylpyridine55	(9.0	g,	48	mmol)	was	
placed	in	a	dried	500	mL	flask	under	argon.	THF	(100	mL)	was	added	and	the	resulting	solution	was	cooled	to	-78	°C.	
After	stirring	for	10	minutes	at	this	temperature,	n-BuLi	(2.5M	in	hexanes,	21.5	mL,	1.1	equiv.)	was	added	dropwise.	
After	the	addition	was	complete,	the	resulting	mixture	was	stirred	at	-78	°C	for	90	min,	followed	by	a	slow	addition	of	
n-Bu3SnCl	(15.7	mL,	18.6g,	57.0	mmol,	1.2	equiv.).	After	the	addition	was	complete,	the	resulting	mixture	was	stirred	
at	the	same	temperature	for	2	h,	followed	by	removal	of	the	cooling	bath	and	further	stirring	for	1	h.	The	reaction	was	
quenched	by	 the	addition	of	water	and	extraction	with	Et2O.	The	combined	organic	 layers	were	dried	over	MgSO4,	
filtered	 and	 concentrated.	 The	 crude	 product	 obtained	 (22.9	 g,	 mixture	 of	 unreacted	 n-Bu3SnCl	 and	 product)	 was	
mixed	with	2,6-dibromopyridine	(3.8	g,	16.1	mmol),	Pd(PPh3)4	(1.86	g,	10	mol%)	in	toluene	(150	mL)	and	placed	in	a	
dried	 flask	under	argon	and	 stirred	under	 reflux.	After	24	hours	 the	 reaction	mixture	was	allowed	 to	 cool	 to	 room	
temperature,	and	the	volatiles	were	removed	under	reduced	pressure.	The	black	tarlike	residue	was	taken	up	in	aq.	
HCl	(6M,	10	mL)	and	CH2Cl2	(30	mL).	After	a	time-consuming	phase	separation,	the	organic	phase	was	extracted	with	
aq.	HCl	 (6M,	 3	 ×	 10	mL).	 The	 aqueous	 phases	were	 combined	 and	 filtered	 through	 a	 plug	 of	 cotton.	 The	 resulting	
solution	was	cooled	to	0	ºC,	and	slowly	basified	with	a	saturated	solution	of	NaOH.	The	basic	solution	was	extracted	
with	 CH2Cl2	 (30	 mL)	 three	 times,	 washed	 with	 brine,	 dried	 over	 MgSO4,	 filtered	 and	 evaporated	 under	 reduced	
pressure.	The	black	 residue	was	purified	by	 flash	column	chromatography	on	basic	alumina	mixed	with	K2CO3	 (10%	
w/w)	using	a	gradient	of	hexane:CH2Cl2	(9:1	to	3:1	to	pure	CH2Cl2)	affording	of	L3.9	as	white	solid	in	68%	yield	(3.15g,	
10.8	mmol).1H	NMR	(300	MHz,	CDCl3)	δ	=	8.43	(d,	J	=	7.8	Hz,	2H),	8.21	(s,	2H),	7.91	(t,	J	=	8.0	Hz,	1H),	7.03	(s,	2H),	2.61	
(s,	6H),	2.45	(s,	6H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	δ	=	157.8,	156.0,	155.8,	148.1,	137.8,	124.4,	121.2,	119.2,	24.6,	21.3	
ppm.	Melting	Point:	146-147	ºC.	IR	(neat,	cm-1):	3061,	2955,	2917,	1609,	1563,	1438,	1399,	1373,	1264,	1169,	1078,	
911,	858,	821,	7400,	643,	530.	HRMS	calcd.	for	C19H20N3	(M+H):	290.1652,	found	290.1652.		
	 	
                                                
55	F.	Zhang,	S.	Zaidi,	KM.	Haney,	G.	E	.Kellogg,	Y.	Zhang,	J.	Org.	Chem.	2011,	76,	7945-7952.	
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Synthesis	of	starting	materials	
	
General	procedure	A:	An	oven	dried	Schlenk	flask	equipped	with	a	magnetic	stirring	bar	was	set	under	argon	by	three	
cycles	of	evacuation	and	refilling	with	argon.	The	corresponding	aldehyde	(7.5	mmol)	and	THF	(6	mL)	were	added	and	
the	resulting	solution	was	cooled	to	0°C.	At	this	temperature,	the	required	Grignard	reagent	(1	M	or	0.5M	solution	in	
THF,	2	equiv.)	was	added	dropwise.	After	the	addition	was	completed,	the	cooling	bath	was	removed	and	the	reaction	
mixture	was	stirred	at	room	temperature	for	2-3	hours.	The	reaction	was	quenched	by	addition	of	sat.	aq.	NH4Cl	sol.,	
followed	by	acidification	with	2M	aq.	HCl	solution.	The	phases	were	separated	and	the	aqueous	phase	was	extracted	
with	EtOAc	(3	x	50	mL).	The	combined	organic	layers	were	dried	over	MgSO4,	filtered	and	concentrated	under	reduced	
pressure.	 The	 resulting	 crude	 product	 was	 purified	 by	 column	 chromatography	 (gradient	 of	 5%	 to	 30%	 EtOAc	 in	
hexanes).		
	
General	procedure	B:	A	round	bottom	flask	was	charged	with	Pd(OAc)2	(80	mg,	0.56	mmol,	6	mol%),	NaHCO3	(1.24	g,	
15.0	mmol,	2.5	equiv.),	NBu4Br	(1.90	g,	6.0	mmol,	1.0	equiv.)	and	4Å	MS	(1.19	g).	The	flask	was	set	under	Ar	through	
three	 cycles	 of	 evacuation	 and	 re-compression	with	Ar.	DMF	 (20	mL),	 allyl	 alcohol	 (0.61	mL,	 0.52	 g,	 9.0	mmol,	 1.5	
equiv.)	 and	 the	 required	 aryl	 iodide	 (6	mmol)	were	 added	 and	 the	mixture	was	 stirred	 at	 70	 ºC	 for	 3	 hours.	 After	
cooling	 to	room	temperature,	 the	brown	suspension	was	 filtered	through	a	plug	of	Celite,	which	was	washed	using	
EtOAc.	Water	 was	 added	 and	 the	 aqueous	 phase	 was	 extracted	 several	 times	 with	 EtOAc.	 The	 combined	 organic	
layers	were	 dried	 over	MgSO4	 and	 concentrated	 under	 reduced	 pressure.	 Purification	 by	 chromatography	 on	 silica	
(hexanes/EtOAc	=	8:2)	provided	 the	corresponding	aldehyde,	which	was	directly	employed	 in	 the	Grignard	addition	
step	described	by	general	procedure	A.	
	
1-cyclohexyl-2-propen-1-o	(3.8b).	Following	the	general	procedure	A,	using	cyclohexane	carbaldehyde	
(0.9	mL,	7.5	mmol)	as	starting	material,	 the	target	compound	was	obtained	 (970	mg,	92%)	as	a	pale	
yellow	oil.	The	observed	spectral	data	are	in	agreement	with	the	ones	reported	in	literature.56	1H-NMR	
(500	MHz,	CDCl3):	δ	=	5.86	(ddd,	J	=	17.1,	10.4,	6.6	Hz,	1H),	5.20	(d,	J	=	17.2	Hz,	1H),	5.15	(d,	J	=	10.4	Hz,	
1H),	3.85	(t,	J	=	6.4	Hz,	1H),	1.88-1.81	(m,	1H),	1.79-1.71	(m,	2H),	1.71-1.63	(m,	2H),	1.44-1.36	(m,	1H),	1.28-1.09	(m,	
3H),	1.06-0.94	(m,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	=	139.9,	115.6,	77.9,	43.6,	28.9,	28.4,	26.6,	26.2,	26.17	ppm.	
	
2-benzyl-2-propen-1-ol	 (3.8c).	Hydrocinnamaldehyde	(2.6	mL,	20	mmol),	formaldehyde	(37%	aq.	
sol.,	1.8	mL,	24	mmol,	1.2	equiv.)	and	dimethylamine	hydrochloride	(1.96	g,	24	mmol.	1.2	equiv.)	
were	placed	in	a	round	bottom	flask	and	heated	to	70	ºC	for	24	h.	After	being	allowed	to	cool	to	
room	temperature	the	reaction	mixture	was	diluted	with	water	 (20	mL)	and	extracted	with	CH2Cl2	 (3	×	20	mL).	The	
combined	 organic	 phases	 were	 dried	 over	 MgSO4	 and	 the	 thus	 obtained	 aldehyde	 (2.21	 g,	 76%)	 utilized	 in	 the	
subsequent	step	without	further	purification.	
The	aldehyde	from	the	previous	step	(1.1	g,	7.5	mmol)	was	dissolved	in	CH2Cl2	and	the	resulting	solution	was	cooled	to	
−78	ºC.	A	solution	of	DIBAL-H	(1M	in	hexanes,	9.8	mL,	1.3	equiv.)	was	added	dropwise	and	the	reaction	mixture	was	
allowed	 to	 reach	 room	temperature.	After	 stirring	at	 this	 temperature	 for	1h,	 the	 reaction	mixture	was	once	again	
cooled	to	−78	ºC	and	MeOH	(5	mL)	was	added,	followed	by	water	(1	mL).	The	resulting	mixture	was	allowed	to	reach	
room	temperature	and	Celite	was	added	to	the	reaction	mixture.	The	reaction	mixture	was	diluted	with	Et2O	(30	mL)	
and	 filtered	 through	 a	 pad	 of	 Celite.	 The	 thus	 obtained	 crude	 product	 was	 dried	 over	 MgSO4,	 concentrated	 and	
purified	by	column	chromatography	(gradient	of	hexanes/EtOAc	from	10:1	to	6:1)	giving	the	title	compound	(942	mg,	
85%)	as	a	colourless	oil.	The	observed	spectral	data	are	in	agreement	with	the	ones	reported	in	literature.57	1H-NMR	
(500	MHz,	CDCl3):	δ	=	7.32-7.28	(m,	2H),	7.24-7.19	(m,	3H),	5.13-5.12	(m,	1H),	4.91-4.90	(m,	1H),	4.05	(s,	2H),	3.41	(s,	
2H),	1.46	(brs,	1H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	δ	=	148.3,	139.1,	129.0,	128.5,	126.4,	111.6,	65.4,	40.0	ppm.	
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57	L.	Nielsen,	T.	Skrydstrup,	J.	Am.	Chem.	Soc.	2008,	130,	13145-13147.	
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6-phenyl-1-hexen-3-ol	 (3.8d).	 Following	 the	 general	 procedure	 B	 (employing	 4-buten-1-ol	 instead	 of	
allylalcohol)	with	iodobenzene	(670	µL,	1.22	g,	6.0	mmol)	followed	by	reaction	of	the	organometallic	entity	
with	the	aldehyde	according	to	procedure	A,	afforded	the	desired	product	(290	mg,	1.65	mmol,	27%	over	
two	 steps)	 as	 a	 pale	 yellow	 oil.	 The	 observed	 spectral	 data	 are	 in	 agreement	with	 the	 ones	 reported	 in	
literature.58	1H-NMR	(400	MHz,	CDCl3):	δ	=	7.31-7.25	(m,	2H),	7.20-7.15	(m,	3H),	5.86	(ddd,	J	=	17.2,	10.4,	6.2	Hz,	1H),	
5.21	(ddd,	J	=	17.2,	1.4,	1.4	Hz,	1H),	5.10	(ddd,	J	=	10.4,	1.4,	1.3	Hz,	1H),	4.12	(td,	J	=	6.4,	6.2	Hz,	1H),	2.64	(t,	J	=	7.5	Hz,	
2H),	1.82-1.50	 (m,	4H),	1.46	 (brs,	1H)	ppm.	 13C	NMR	(101	MHz,	CDCl3)	δ	=	142.4,	141.2,	128.5,	128.4,	125.8,	114.8,	
100.1,	73.2,	36.6,	35.9,	27.3	ppm.	
	
2-methyl-5-phenyl-1-penten-3-ol	 (3.8e).	 Following	 the	 general	 procedure	 A,	 using	
hydrocinnamaldehyde	 (1	mL,	 7.5	mmol)	 as	 starting	material	 together	with	 isopropenylmagnesium	
bromide	solution	in	THF	(0.5	M,	23	mL,	1.5	equiv.)	and	adding	the	solution	of	hydrocinnamaldehyde	
to	the	Grignard	reagent,	the	target	compound	was	obtained	(1.03	g,	78%)	as	a	pale	yellow	oil.	The	
observed	spectral	data	are	 in	agreement	with	the	ones	reported	in	 literature.59	1H-NMR	(500	MHz,	CDCl3):	δ	=	7.31-
7.27	(mAr,	2H),	7.23-7.17	(mAr,	3H),	4.99-4.96	(m,	1H),	4.89-4.86	(m,	1H),	4.12-4.07	(m,	1H),	2.77-2.69	(m,	1H),	2.68-
2.61	(m,	1H),	1.94-1.82	(m,	2H),	1.75	(s,	3H),	1.53	(br	s,	1H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	=	147.5,	142.1,	128.5,	
128.46,	125.9,	111.3,	75.4,	36.7,	32.0,	17.7	ppm.	
	
5-(1-naphthalenyl)-1-penten-3-ol	 (3.8f).	 Following	 the	 general	 procedure	 B	 from	 1-
iodonaphthalene	(0.88	mL,	1.53	g,	6.0	mmol)	the	desired	product	was	obtained	(578	mg,	2.73	
mmol,	45%	over	two	steps)	as	a	pale	yellow	oil.	1H-NMR	(400	MHz,	CDCl3):	δ	=	8.07	(d,	J	=	8.2	
Hz,	1H),	7.86	(d,	J	=	7.8	Hz,	1H),	7.72	(d,	J	=	7.8	Hz,	1H),	7.52	(ddd,	J	=	8.2,	6.8,	1.6	Hz,	1H),	7.48	
(ddd,	J	=	7.8,	6.8,	1.3	Hz,	1H),	7.40	(dd,	J	=	7.8,	7.0	Hz,	1H),	7.36	(d,	J	=	7.0	Hz,	1H),	5.96	(ddd,	J	=	17.2,	10.4,	6.1	Hz,	1H),	
5.30	(ddd,	J	=	17.2,	1.4,	1.4	Hz,	1H),	5.17	(ddd,	J	=	10.4,	1.4,	1.3	Hz,	1H),	4.24	(td,	J	=	6.4,	6.1	Hz,	1H),	3.25	(dd,	J	=	14.0,	
7.9	Hz,	1H),	3.15	(dd,	J	=	14.0,	8.1	Hz,	1H),	1.99	(ddd,	J	=	8.1,	7.9,	6.4	Hz,	2H),	1.58	(brs,	1H)	ppm	13C	NMR	(101	MHz,	
CDCl3)	δ	=	141.1,	138.1,	134.0,	131.9,	128.9,	126.8,	126.1,	125.9,	125.6,	125.55,	123.9,	115.1,	72.85,	38.0,	28.8	ppm.	IR	
(neat,	cm-1):	3356,	1395,	1051,	990,	921,	796,	775.	HRMS	calcd.	for	C15H16NaO	(M+Na):	235.1093,	found	235.1083.	
	
5-(4-(methoxy)phenyl)-1-penten-3-ol	 (3.8g).	 Following	 the	 general	 procedure	 B	 starting	 from	 4-
iodoanisol	 (1.40	g,	6.0	mmol)	and	 then	 followed	by	procedure	A	afforded	 the	desired	product	 (292	
mg,	1.52	mmol,	25%	over	two	steps)	as	a	yellow	oil.	The	observed	spectral	data	are	in	agreement	with	
the	ones	reported	in	literature.60	1H-NMR	(400	MHz,	CDCl3):	δ	=	7.15-7.09	(m,	1H),	6.86-6.80	(m,	2H),	
5.90	(ddd,	J	=	17.2,	10.4,	6.1	Hz,	1H),	5.24	(ddd,	J	=	17.2,	1.4,	1.4	Hz,	1H),	5.13	(ddd,	J	=	10.4,	1.4,	1.3	
Hz,	1H),	4.16-4.08	(m,	1H),	3.79	(s,	3H),	2.74-2.59	(m,	2H),	1.86-1.79	(m,	2H),	1.49	(d,	J	=	3.9	Hz,	1H)	ppm.	13C	NMR	
(101	MHz,	CDCl3)	δ	=	157.9,	141.1,	134.0,	129.4,	115.0,	113.9,	72.6,	55.4,	38.8,	30.8	ppm	
.	
5-(benzo[d][1,3]dioxol-5-yl)-4-methyl-1-penten-3-ol	 (3.8h).	 Following	 the	 general	 procedure	 A	
using	2-Methyl-3-(3,4-methylenedioxyphenyl)-propanal	(1.23	g,	7.5	mmol)	as	starting	material	and	
adding	 the	 solution	of	 the	 substrate	 to	 the	Grignard	 reagent	according	 to	procedure	A,	afforded	
the	product	as	an	inseparable	1:1-mixture	of	diastereomers	(1.19	g,	72%)	as	a	pale	yellow	oil.	1H-
NMR	(400	MHz,	CDCl3):	δ	=	6.74-6.71	(m,	1H),	6.69-6.67	(m,	1H),	6.65-6.60	(m,	1H),	5.94-5.86	(m,	
1H)	partially	superimposed	by	5.91	(s,	2H),	5.30-5.16	(m,	2H),	4.05	(dd,	J	=	5.7,	4.2	Hz,	1H	of	one	isomer),	3.97	(dd,	J	=	
6.3,	4.8	Hz,	1H	of	one	isomer),	2.82-2.75	(m,	1H),	2.35-2.26	(m,	1H),	1.91-1.80	(m,	1H),	1.71	(br	s,	1H),	0.85	(d,	J	=	6.8	
Hz,	3H	of	one	isomer)	0.83	(d,	J	=	6.8	Hz,	3H	of	one	isomer)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	=	147.6,	147.5,	145.7,	
145.7,	139.8,	139.1,	134.9,	134.6,	122.1,	122.0,	116.3,	115.3,	109.6,	109.5,	108.1,	108.05,	100.8,	100.78,	76.8,	75.4,	
40.8,	40.8,	39.0,	38.4,	14.9,	13.8	ppm.	IR	(neat,	cm-1):	3415,	2963,	2879,	1502,	1488,	1440,	1243,	1187,	1037,	994,	925,	
804.	HRMS	calcd.	for	C13H15O2	(M-OH):	203.1067,	found	203.1071.	
	
5-(3-(trifluoromethyl)phenyl)-1-penten-3-ol	(3.8i).	Following	the	general	procedure	B	starting	from	3-
trifluoromethyl	iodobenzene	(0.87	mL,	1.63	g,	6.0	mmol)	followed	by	procedure	A	afforded	the	desired	
                                                
58	M.	de	Greef,	S.	Z.	Zard,	Org.	Lett.	2007,	9,	1773-1776.	
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product	(471	mg,	2.05	mmol,	34%	over	two	steps)	as	a	pale	yellow	oil.	1H-NMR	(400	MHz,	CDCl3):	δ	=	7.46-7.44	(m,	
2H),	7.40-7.37	(m,	2H),	5.90	(ddd,	J	=	17.2,	10.4,	6.2	Hz,	1H),	5.25	(d,	J	=	17.2	Hz,	1H),	5.16	(dd,	J	=	10.4,	1.2	Hz,	1H),	
4.16-4.09	(m,	1H),	2.83-2.72	(m,	2H),	1.94-1.80	(m,	2H),	1.72	(brs,	1H)	ppm	13C	NMR	(101	MHz,	CDCl3)	δ	=	142.8,	140.8,	
131.9,	130.7	(q,	J	=	31.8	Hz),	128.8,	125.1	(q,	J	=	3.8),	124.3	(q,	J	=	272.7	Hz),	122.7	(q,	J	=	3.9	Hz),	115.2,	72.3,	38.2,	
31.4	 ppm.	 19F-NMR	 (376	 MHz,	 CDCl3)	 δ	 –62.68	 ppm.	 IR	 (neat,	 cm
-1):	 2924,	 2864,	 1451,	 1328,	 1161,	 1118,	 1071,	
989,925,	801,	701,	658.	HRMS	calcd.	for	C12H12F2	(M-OH):	213.0877	found	213.0886.	
	
5-(2-chlorophenyl)-1-penten-3-ol	(3.8j).	Following	the	general	procedure	B	starting	from	2-chloro-
iodobenzene	 (0.73	mL,	1.43	g,	6.0	mmol)	 followed	by	procedure	A	afforded	 the	desired	product	
(618	mg,	3.14	mmol,	52%	over	two	steps)	as	a	pale	yellow	oil.	The	observed	spectral	data	are	 in	
agreement	with	the	ones	reported	in	literature.61	1H-NMR	(400	MHz,	CDCl3):	δ	=	7.33	(dd,	J	=	7.7,	
1.6	Hz,	1H),	7.24	(dd,	J	=	7.4,	2.0	Hz,	1H),	7.17	(ddd,	J	=	7.4,	7.4,	1.6	Hz,	1H),	7.13	(ddd,	J	=	7.7,	7.4,	2.0	Hz,	1H),	5.92	
(ddd,	J	=	17.2,	10.4,	6.1	Hz,	1H),	5.27	(ddd,	J	=	17.2,	1.4,	1.4	Hz,	1H),	5.14	(ddd,	J	=	10.4,	1.4,	1.3	Hz,	1H),	4.18-4.13	(m,	
1H),	 2.90-2.76	 (m,	 2H),	 1.89-1.82	 (m,	 2H),	 1.72	 (brs,	 1H)	 ppm.	 13C	NMR	 (101	MHz,	 CDCl3)	 δ	 =	 140.9,	 139.5,	 134.0,	
130.5,	129.6,	127.4,	126.9,	115.1,	72.6,	36.8,	29.6	ppm.		
	
5-(4-(pivaloyloxy)phenyl)-1-penten-3-ol	 (3.8k).	 4-iodophenol	 (1.32	 g,	 6.0	 mmol)	 was	 first	
subjected	to	general	procedure	B.	The	obtained	aldehyde	(395	mg,	2.9	mmol)	was,	subsequently	
treated	with	NEt3	(406	µL,	2.9	mmol,	1.0	equiv.)	and	pivaloylchloride	(353	µL,	2.9	mmol,	1.0	equiv.)	
in	CH2Cl2	 (6	mL)	at	0°C.	After	5	min,	the	reaction	was	found	to	be	complete	by	TLC	and	water	(2	
mL),	as	well	as	CH2Cl2	(20	mL)	were	added.	The	phases	were	separated	and	the	organic	phase	was	
washed	with	aq.	HCl	sol.	(1M,	2	mL)	and	brine	(2	mL).	Drying	over	MgSO4,	filtration	and	concentration	under	reduced	
pressure	delivered	the	pivaloyl	protected	aldehyde.	This	compound	was	directly	subjected	to	the	general	procedure	A,	
which	was	modified	by	employing	only	1.3	equivalents	of	vinyl	magnesium	bromide,	thus	giving	the	title	compound	
(266	mg,	1.02	mmol,	17%	over	three	steps)	as	a	pale	yellow	oil.	1H-NMR	(400	MHz,	CDCl3):	δ	=	7.22-7.14	(m,	2H),	6.99-
6.94	(m,	2H),	5.99	(ddd,	J	=	17.2,	10.4,	6.2	Hz,	1H),	5.24	(ddd,	J	=	17.2,	1.4,	1.4	Hz,	1H),	5.14	(ddd,	J	=	10.4,	1.4,	1.3	Hz,	
1H),	4.12	(td,	J	=	6.4,	6.2	Hz,	1H),	2.79-2.63	(m,	2H),	1.88-1.80	(m,	2H),	1.51	(brs,	1H),	1.35	(s,	9H)	ppm.	13C	NMR	(101	
MHz,	CDCl3)	δ	=	177.3,	149.3,	141.0,	139.2,	129.4,	121.4,	115.1,	72.5,	39.1,	38.6,	31.1,	27.2	ppm.	IR	(neat,	cm
-1):	2975,	
1749,	 1507,	 1278,	 1196,	 1165,	 1114,	 1017,	 921,	 896,	 518.	 HRMS	 calcd.	 for	 C16H22NaO3	 (M+Na):	 	 285.1461,	 found	
285.1464.	
	
Ethyl	 3-(3-hydroxy-4-penten-1-yl)benzoate	 (3.8l).	Following	the	general	procedure	B	starting	from	
ethyl-3-iodobenzoate	 (1.00	mL,	 1.65	 g,	 6.0	 mmol)	 followed	 by	 procedure	 A	 afforded	 the	 desired	
product	was	obtained	(559	mg,	2.34	mmol,	40%	over	two	steps)	as	a	pale	yellow	oil.	1H-NMR	(400	
MHz,	CDCl3):	δ	=	7.90-7.85	(m,	2H),	7.41-7.32	(m,	2H),	5.91	(ddd,	J	=	17.2,	10.4,	6.2	Hz,	1H),	5.25	(dt,	J	
=	17.2,	1.4	Hz,	1H),	5.15	(dt,	J	=	10.4,	1.3	Hz,	1H),	4.37	(q,	J	=	7.1	Hz,	2H),	4.13	(m,	1H),	2.85-2.69	(m,	
2H),	1.91-1.83	(m,	2H),	1.60	(brs,	1H),	1.39	(t,	J	=	7.1	Hz,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	=	166.9,	142.2,	140.9,	
133.1,	 130.7,	 129.6,	 128.5,	 127.2,	 115.2,	 72.4,	 61.0,	 38.4,	 31.5,	 14.4	 ppm.	 IR	 (neat,	 cm-1):	 2982,	 2933,	 1781,	 1695,	
1444,	 1367,1277,	 1195,	 1106,	 1021,990,	 922,	 749,	 695.	 HRMS	 calcd.	 for	 C14H18NaO3	 (M+Na):	 257.1148	 found	
257.1155.	
	
3-methyl-5-phenyl-1-penten-3-ol	 (3.8m).	 Following	 the	 general	 procedure	 A,	 using	 4-phenyl-2-
butanone	(1.12	mL,	7.5	mmol)	as	starting	material,	the	target	compound	was	obtained	(696	mg,	53%)	
as	a	pale	yellow	oil.	The	observed	spectral	data	are	in	agreement	with	the	ones	reported	in	literature.62	1H-NMR	(400	
MHz,	CDCl3):	δ	=	7.31-7.26	(m,	2H),	7.21-7.15	(m,	3H),	5.98	(dd,	J	=	17.4,	10.8,	1H),	5.27	(dd,	J	=	17.4,	1.2	Hz,	1H),	5.12	
(dd,	J	=	10.8,	1.2	Hz,	1H),	2.74-2.59	(m,	2H),	1.93-1.78	(m,	2H),	1.44	(brs,	1H),	1.35	(s,	3H)	ppm.	13C	NMR	(101	MHz,	
CDCl3)	δ	=	144.9,	142.5,	128.5,	128.4,	125.9,	112.1,	73.3,	44.2,	30.5,	28.1	ppm.	
	
5-phenyl-1-penten-3-ol	 (3.8n).	 Following	 the	 general	 procedure	 A,	 using	 hydrocinnamaldehyde	 (1	
mL,	 7.5	 mmol)	 as	 starting	 material,	 the	 target	 compound	 was	 obtained	 (680	 mg,	 56%)	 as	 a	 pale	
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yellow	oil.	 The	observed	 spectral	 data	 are	 in	 agreement	with	 the	 ones	 reported	 in	 literature.56	 1H-NMR	 (500	MHz,	
CDCl3):	δ	=	7.31-7.27	(m,	2H),	7.23-7.18	(m,	3H),	5.91	(ddd,	J	=	17.3,	10.4,	6.1	Hz,	1H),	5.25	(dt,	J	=	17.3,	1.4	Hz,	1H),	
5.15	(dt,	J	=	10.4,	1.4	Hz,	1H),	4.17-4.11	(m,	1H),	2.80-2.65	(m,	2H),	1.92-1.81	(m,	2H),	1.55	(br	s,	1H)	ppm.	13C	NMR	
(126	MHz,	CDCl3)	δ	=	141.9,	141.1,	128.48,	128.53,	125.9,	115.0,	72.6,	38.6,	31.7	ppm.	
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Ni-catalyzed	carboxylation	of	allyl	alcohols	using	L3.2	(Scheme	3.12	and	3.13)		
	
General	procedure	C:	An	oven-dried	Schlenk	tube	equipped	with	a	magnetic	stirring	bar	was	charged	with	Zn	dust	(60	
mg,	1.0	mmol,	4.0	equiv.)	and	L3.2	(23.4	mg,	0.065	mmol,	26	mol%).	Subsequently	the	Schlenk	tube	was	introduced	
into	the	glove	box	and	charged	with	MgCl2	(28.2	mg,	0.300	mmol,	1.2	equiv.).	The	Schlenk	flask	was	extracted	from	
the	glove	box	and	filled	with	CO2	by	applying	three	cycles	of	evacuation	and	filling	with	CO2.	Subsequently,	the	allyl	
alcohol	substrate	(0.25	mmol)	was	added	by	syringe,	followed	by	a	stock	solution	of	NiBr2·glyme	(7.7	mg,	25µmol,	10	
mol%)	in	DMF	(2.5	mL).	During	the	addition	of	liquids,	a	continuous	flow	of	CO2	was	maintained.	The	Schlenk	flask	was	
tightly	 sealed	 and	 placed	 into	 a	 pre-heated	 (40°C)	 aluminum	 block.	 The	 reaction	 mixture	 was	 stirred	 at	 40°C	 for	
approx.	40h,	after	which	it	was	allowed	to	cool	to	room	temperature	and	quenched	by	careful	addition	of	2M	aq.	HCl	
sol.	The	reaction	mixture	was	diluted	with	water	and	extracted	three	times	with	EtOAc.	The	combined	organic	phases	
were	washed	with	brine,	dried	over	MgSO4	and	filtered.	The	crude	product	was	concentrated	under	reduced	pressure	
and	subjected	to	column	chromatography	(hexanes/EtOAc).		
	
(E)-3-nonenoic	acid	 (3.9a).	From	(E)-2-octen-1-ol:	Following	the	general	procedure	C,	using	(E)-2-
octen-1-ol	(38µL,	0.25	mmol)	as	starting	material,	the	title	compound	was	obtained	(28.6	mg,	73%)	
as	 a	 94:6	 (E)/(Z)-mixture	 (a	 pale	 yellow	 oil).	 	 In	 a	 separate	 experiment,	 26.3	 mg	 (67%)	 were	
obtained,	 giving	an	average	 yield	of	 70%.	 From	1-octen-3-ol:	 Following	 the	general	procedure	C,	using	1-octen-3-ol	
(37µL,	0.25	mmol)	as	starting	material,	the	title	compound	was	obtained	(24.6	mg,	63%)	as	a	93:7	(E)/(Z)-mixture	(a	
pale	yellow	oil).	In	a	separate	experiment,	24.2	mg	(62%)	were	obtained,	giving	an	average	yield	of	63%.	The	observed	
spectral	data	are	in	good	agreement	with	the	ones	reported	in	literature.63	1H-NMR	(500	MHz,	CDCl3):	δ	=	9.64	(brs,	1	
H),	5.63-5.46	(m,	2H),	3.07	(d,	J	=	5.6	Hz,	2H),	2.03	(td,	J	=	7.0,	6.6	Hz,	2H),	1.40-1.23	(m,	6H),	0.88	(t,	J	=	7.0	Hz,	3H)	
ppm.	13C-NMR	(125	MHz,	CDCl3):	δ	=	178.6,	135.6,	120.8,	37.9,	32.5,	31.4,	28.9,	22.6,	14.1	ppm.	
	
(E)-4-cyclohexyl-3-butenoic	acid	(3.9b).	Following	the	general	procedure	C,	using	1-cyclohexyl-
2-propen-1-ol	(35	mg,	0.25	mmol)	as	starting	material,	the	title	compound	was	obtained	(29.1	
mg,	69%)	as	an	91:9	(E)/(Z)-mixture	(a	pale	yellow	oil).	In	a	separate	experiment,	27.9	mg	(66%)	
were	obtained,	giving	an	average	yield	of	68%.	1H-NMR	(500	MHz,	CDCl3):	δ	=	8.62	(brs,	1	H),	5.57-5.42	(m,	2H),	3.06	
(d,	J	=	6.5	Hz,	2H),	2.00-1.91	(m,	1H),	1.76-1.60	(m,	5H),	1.31-1.01	(m,	5H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	=	178.3,	
141.3,	118.5,	40.7,	38.0,	32.8,	26.2,	26.1	ppm.	IR	(neat,	cm-1):	3026,	2922,	2850,	1707,	1448,	1411,	1288,	1219,	967,	
934.	HRMS	calcd.	for	C10H15O2	(M-H):	167.1078,	found	167.1070.		
	
3-benzyl-3-butenoic	acid	 (3.9c).	General	procedure	C	with	the	following	changes:	Zn	(37.5	mg,	
2.5	equiv.),	DMF	(3.5	mL)	and	a	reaction	time	of	13h	using	2-benzyl-2-propen-1-ol	(37.1	mg,	0.25	
mmol)	 as	 starting	 material,	 the	 title	 compound	 was	 obtained	 (24.2	 mg,	 55%).	 In	 a	 separate	
experiment,	23.3	mg	 (53%)	were	obtained,	 giving	an	average	yield	of	54%.	The	observed	 spectral	data	are	 in	good	
agreement	with	the	ones	reported	in	literature.64	1H-NMR	(500	MHz,	CDCl3):	δ	=	7.32-7.29	(m,	2H),	7.24-7.20	(m,	3H),	
5.05	(d,	J	=	1.4	Hz,	1H),	5.01	(d,	J	=	1.4	Hz,	1H),	3.49	(s,	2H),	3.03	(s,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	=	177.7,	
141.3,	138.6,	129.2,	128.5,	126.5,	116.4,	42.7,	40.7	ppm.	
	 	
                                                
63	D.	M.	Browne,	O.	Niyomura,	T.	Wirth,	Org.	Lett.	2007,	9,	3169-3171.		
64	X.	Sun,	L.	Zhou,	C.-J.	Wang,	X.	Zhang,	Angew.	Chem.	Int.	Ed.	2007,	46,	2623-2626.	
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(E)-7-phenyl-3-heptenoic	 acid	 (3.9d).	 A	modified	 form	 of	 general	 procedure	 C	 with	 the	 following	
changes:	DMF	(3.5	mL)	and	a	reaction	time	of	13h,	was	followed	using	6-phenyl-1-hexen-3-ol	(48	mg,	
0.25	mmol)	as	starting	material,	the	title	compound	was	obtained	(31.6	mg,	62%)	as	a	91:9	(E)/(Z)-
mixture(a	pale	yellow	oil)..	In	a	separate	experiment,	30.5	mg	(60%)	were	obtained,	giving	an	average	yield	of	61%.	1H-
NMR	(500	MHz,	CDCl3):	δ	=	7.30-7.24	(m,	2H),	7.20-7.14	(m,	3H),	5.65-5.48	(m,	2H),	3.08	(dd,	J	=	6.8,	1.3	Hz,	2H),	2.61	
(t,	J	=	7.7	Hz,	2H),	2.08	(dtd,	J	=	7.5,	6.6,	1.2	Hz,	2H),	1.71	(tt,	J	=	7.7,	6.6	Hz,	2H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	δ	=	
178.5,	142.4,	135.0,	128.5,	128.4,	125.8,	121.4,	37.9,	35.4,	32.0,	30.8	ppm.	 IR	 (neat,	 cm-1):	2928,	1705,	1412,	1288,	
1220,	967,	908,	732,	698.	HRMS	calcd.	for	C13H15O2	(M-H):	203.1078,	found	203.1070.		
	
(E)-3-methyl-6-phenyl-3-hexenoic	 acid	 (3.9e).	 General	 procedure	 C	 was	 followed	 but	
employing	15	mol%	Ni-source	and	the	corresponding	amount	of	 ligand	with	40	h	of	reaction	
time.	 Using	 2-methyl-5-phenyl-1-penten-3-ol	 (44	 mg,	 0.25	 mmol)	 as	 starting	 material,	 the	 title	 compound	 was	
obtained	(29.5	mg,	58%)	as	a	92:8	(E)/(Z)-mixture	(a	pale	yellow	oil).	In	two	further	experiments,	26.0	mg	(51%)	and	
29.4	mg	(58%)	were	obtained,	giving	an	average	yield	of	56%.	The	observed	spectral	data	are	in	good	agreement	with	
the	ones	reported	 in	 literature:11	 1H-NMR	(400	MHz,	CDCl3):	δ	=	7.34-7.28	(m,	2H),	7.24-7.19	(m,	3H),	5.44-5.37	(m,	
1H),	3.06	 (s,	2H),	2.73-2.67	 (m,	2H),	2.39	 (q,	 J	=	7.5	Hz,	2H)	1.69	 (s,	3H)	ppm.	 13C	NMR	(101	MHz,	CDCl3)	δ	=	178.3,	
142.0,	129.2,	128.54,	128.5,	128.4,	125.9,	44.8,	35.7,	30.1,	16.3	ppm.	
	
(E)-6-(1-naphthalenyl)-3-hexenoic	 acid	 (3.9f).	 General	 procedure	 C	 with	 the	 following	
changes:	Zn	(37.5	mg,	2.5	equiv.),	DMF	(3.5	mL)	and	a	reaction	time	of	13h,	was	followed	
using	 5-(1-naphthalenyl)-1-penten-3-ol	 (53	mg,	 0.25	mmol)	 as	 starting	material,	 the	 title	
compound	 was	 obtained	 (39.2	 mg,	 65%)	 as	 a	 96:4	 (E)/(Z)-mixture(a	 yellow	 oil).	 In	 a	
separate	experiment,	36.0	mg	 (60%)	were	obtained,	giving	an	average	yield	of	63%.	 1H-NMR	(400	MHz,	CDCl3):	δ	=	
8.03	(dd,	J	=	8.1,	1.0	Hz,	1H),	7.86	(dd,	J	=	7.8,	1.6	Hz,	1H),	7.72	(d,	J	=	8.2	Hz,	1H),	7.51	(ddd,	J	=	8.2,	6.8,	1.6	Hz,	1H),	
7.47	(ddd	J	=	7.8,	6.8,	1.3	Hz,	1H),	7.39	(dd,	J	=	8.1,	7.2	Hz,	1H),	7.32	(dd,	J	=	7.2,	1.0	Hz,	1H),	5.74	(dtt,	J	=	15.4,	6.5,	1.2	
Hz,	1H),	5.61	(dtt,	J	=	15.4,	6.8,	1.3	Hz,	1H),	3.15	(t,	J	=	7.9	Hz,	2H),	3.11	(dd,	J	=	6.8,	1.2	Hz,	2H),	2.51	(tdd,	J	=	7.9,	6.5,	
1.3	Hz,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	=	178.3,	137.8,	134.7,	134.0,	131.9,	128.9,	126.8,	126.1,	125.9,	125.6,	
125.5,	123.8,	121.6,	37.8,	33.6,	32.7	ppm.	IR	(neat,	cm-1):	2923,	1705,	1397,	1264,	1217,	966,	776,	736.	HRMS	calcd.	
for	C16H15O2	(M-H):	239.1078,	found	239.1071.		
	
(E)-6-(4-methoxyphenyl)-3-hexenoic	 acid	 (3.9g).	General	 procedure	C	with	 the	 following	 changes:	
Zn	 (37.5	mg,	 2.5	 equiv.),	 DMF	 (3.5	mL)	 and	 a	 reaction	 time	 of	 13h	 using	 5-(4-methoxyphenyl)-1-
penten-3-ol	 (48	mg,	 0.25	mmol)	 as	 starting	material,	 the	 title	 compound	was	 obtained	 (35.4	mg,	
64%)	as	a	92:8	(E)/(Z)-mixture(a	yellow	oil).	In	a	separate	experiment,	34.3	mg	(62%)	were	obtained,	
giving	an	average	yield	of	63%.	1H-NMR	(500	MHz,	CDCl3):	δ	=	7.11-7.06	(m,	2H),	6.85-6.80	(m,	2H),	5.64	(dtt,	J	=	15.4,	
6.5,	1.2	Hz,	1H),	5.57	(dtt,	J	=	15.4,	6.8,	1.2	Hz,	1H),	3.79	(s,	3H),	3.08	(dd,	J	=	6.8,	1.2	Hz,	2H),	2.64	(t,	J	=	7.8	Hz,	2H),	
2.34	(tdd,	J	=	7.8,	6.5,	1.2	Hz,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	=	178.2,	157.9,	134.6,	133.8,	129.4,	121.5,	113.8,	
55.3,	37.8,	34.7,	34.6	ppm.	IR	(neat,	cm-1):	2928,	1706,	1511,	1299,	1242,	1176,	1035,	967,	909,	823,	731,	518.	HRMS	
calcd.	for	C13H15O3	(M-H):	219.1027,	found	219.1022.		
	
(E)-6-(benzo[d][1,3]dioxol-5-yl)-5-methyl-3-hexenoic	acid	 (3.9h).	General	procedure	C	with	the	
following	changes:	Zn	 (37.5	mg,	2.5	equiv.),	DMF	 (3.5	mL)	and	a	 reaction	 time	of	13h	using	5-
(benzo[d][1,3]dioxol-5-yl)-4-methyl-1-penten-3-ol	 (mixture	 of	 diastereoisomers,	 55	 mg,	 0.25	
mmol)	as	 starting	material,	 the	 title	 compound	was	obtained	 (39.3	mg,	63%)	as	a	97:3	 (E)/(Z)-
mixture	(a	pale	yellow	oil).	 In	a	separate	experiment,	33.6	mg	(57%)	were	obtained,	giving	an	average	yield	of	60%.	
The	observed	spectral	data	are	in	good	agreement	with	the	ones	reported	in	literature.5	1H-NMR	(400	MHz,	CDCl3):	δ	=	
6.71	(d,	J	=	7.9	Hz,	1H),	6.62	(d,	J	=	1.7	Hz,	1H),	6.57	(dd,	J	=	7.9,	1.7	Hz,	1H),	5.91	(s,	2H),	5.58-5.39	(m,	2H),	3.05	(d,	J	=	
6.6	Hz,	2H),	2.58	(dd,	J	=	12.8,	6.5	Hz,	1H),	2.48-2.34	(m,	2H),	0.98	(d,	J	=	6.4	Hz,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	
=	178.3,	147.4,	145.7,	140.2,	134.4,	122.1,	119.7,	109.6,	108.0,	100.8,	43.3,	43.1,	38.5,	37.9,	19.5	ppm.	
	
(E)-6-(3-(trifluoromethyl)phenyl)-3-hexenoic	 acid	 (3.9i).	 General	 procedure	 C	 with	 the	 following	
changes:	 Zn	 (37.5	 mg,	 2.5	 equiv.),	 DMF	 (3.5	 mL)	 and	 a	 reaction	 time	 of	 13h	 using	 5-(3-
(trifluoromethyl)phenyl)-1-penten-3-ol	(57.5	mg,	0.25	mmol)	as	starting	material,	the	title	compound	
CO2H
Ph
CO2H
Me
Ph
CO2H
CO2H
OMe
CO2HMe
O
O
CO2H
CF3
Chapter	3.	
	 187	
was	obtained	 (43.3	mg,	67%)	as	a	94:6	 (E)/(Z)-mixture	 (a	pale	yellow	oil).	 In	a	 separate	experiment,	39.2	mg	 (61%)	
were	obtained,	giving	an	average	yield	of	64%.	 1H-NMR	(400	MHz,	CDCl3):	δ	=	7.46-7.34	(m,	4H),	5.67-5.51	(m,	2H),	
3.08	(d,	J	=	6.5	Hz,	2H),	2.76	(t,	J	=	7.7	Hz,	2H),	2.42-2.35	(m,	2H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	=	178.2,	142.5,	
133.7,	131.9,	130.7	(q,	J	=	31.9	Hz),	128.8,	125.2	(q,	J	=	3.8),	124.3	(q,	J	=	272.1	Hz),	122.9	(q,	J	=	3.9	Hz),	120.3,	37.7,	
35.4,	34.0	ppm.	19F-NMR	(376	MHz,	CDCl3)	δ	–62.69	ppm.	IR	(neat,	cm
-1):	2933,	1711,	1451,	1407,	1326,	1161,	1118,	
1073,	968,	909,	800,	734,	702,	660.	HRMS	calcd.	for	C13H12F3O2	(M-H):	257.0793,	found	257.0795.	
	
(E)-6-(2-chlorophenyl)-3-hexenoic	acid	 (3.9j).	General	procedure	C	with	the	following	changes:	Zn	
(37.5	mg,	2.5	equiv.),	DMF	(3.5	mL)	and	a	reaction	time	of	13h	using	5-(2-chlorophenyl)-1-penten-3-
ol	(49.0	mg,	0.25	mmol)	as	starting	material,	the	title	compound	was	obtained	(37.1	mg,	66%)	as	an	
approx.	 93:7	 (E)/(Z)-mixture	 (a	 pale	 yellow	 oil).	 In	 a	 separate	 experiment,	 36.0	 mg	 (64%)	 were	
obtained,	giving	an	average	yield	of	65%.	1H-NMR	(500	MHz,	CDCl3):	δ	=	7.35-7.31	(m,	1H),	7.21-7.10	(m,	3H),	5.70-
5.52	(m,	2H),	3.08	(dd,	J	=	6.7,	1.2	Hz,	1H),	2.82	(t,	J	=	7.7	Hz,	2H),	2.37	(tdd,	J	=	7.8,	6.4,	0.9	Hz,	1H)	ppm.	13C	NMR	(126	
MHz,	CDCl3)	δ	=	178.3,	139.2,	134.2,	134.0,	130.5,	129.5,	127.5,	126.8,	121.9,	37.8,	33.3,	32.5	ppm.	 IR	 (neat,	 cm
-1):	
2932,	1703,	1474,	1442,	1295,	1220,	1051,	1033,	966,	748,	676.	HRMS	calcd.	 for	C12H12ClO2	(M-H):	223.0528,	 found	
223.0531	
	
(E)-6-(4-(pivaloyloxy)phenyl)-3-hexenoic	 acid	 (3.9k).	 General	 procedure	 C	 with	 the	 following	
changes:	 Zn	 (37.5	 mg,	 2.5	 equiv.),	 DMF	 (3.5	 mL)	 and	 a	 reaction	 time	 of	 13h	 using	 5-(4-
(pivaloyloxy)phenyl)-1-penten-3-ol	(53	mg,	0.25	mmol)	as	starting	material,	the	title	compound	was	
obtained	(52.5	mg,	72%)	as	a	95:5	(E)/(Z)-mixture	(a	pale	yellow	oil).	In	a	separate	experiment,	51.1	
mg	(70%)	were	obtained,	giving	an	average	yield	of	71%.	1H-NMR	(400	MHz,	CDCl3):	δ	=	7.19-7.14	(m,	2H),	7.01-6.94	
(m,	2H),	5.68-5.47	(m,	2H),	3.06	(d,	J	=	6.5	Hz,	2H),	2.75-7.66	(m,	2H),	2.42-2.33	(m.	2H),	1.37	(s,	9H)	ppm.	13C	NMR	
(126	MHz,	CDCl3)	δ	=	177.8,	177.4,	149.2,	139.0,	134.1,	129.4,	121.9,	121.3,	39.1,	37.8,	35.0,	34.3,	27.2	ppm.	IR	(neat,	
cm-1):	 2972,	 1743,	 1707,	 1057,	 1398,	 1277,	 1223,	 1192,	 1165,	 1115,	 895,	 520.	 HRMS	 calcd.	 for	 C17H21O4	 (M-H):	
289.1445,	found	289.1444.	
	
(E)-6-(3-(ethoxycarbonyl)phenyl)-3-hexenoic	 acid	 (3.9l).	 General	 procedure	 C	 with	 the	 following	
changes:	Zn	(37.5	mg,	2.5	equiv.),	DMF	(3.5	mL)	and	a	reaction	time	of	13h	using	ethyl	3-(3-hydroxy-
4-penten-1-yl)benzoate	(58.5	mg,	0.25	mmol)	as	starting	material,	the	title	compound	was	obtained	
(37.3	mg,	57%)	as	a	94:6	(E)/(Z)-mixture	(a	pale	yellow	oil).	In	a	separate	experiment,	36.4	mg	(56%)	
were	 obtained,	 giving	 an	 average	 yield	 of	 57%.	 The	 observed	 spectral	 data	 are	 in	 good	 agreement	 with	 the	 ones	
reported	in	literature.5	1H-NMR	(500	MHz,	CDCl3):	δ	=	7.89-7.85	(m,	2H),	7.37-7.33	(m,	2H),	5.67-5.51	(m,	2H),	4.37	(q,	
J	=	7.1	Hz,	2H),	3.07	(d,	J	=	6.3	Hz,	2H),	2.78-2.72	(m,	2H),	2.42-2.34	(m,	2H),	1.39	(t,	J	=	7.1	Hz,	3H)	ppm.	13C	NMR	(126	
MHz,	CDCl3)	δ	=	178.0,	166.9,	141.9,	134.0,	133.1,	130.6,	129.6,	128.4,	127.3,	122.1,	61.0,	37.8,	35.3,	34.1,	14.4	ppm.	
	
4-methyl-6-phenyl-3-hexenoic	 acid	 (3.9m).	General	 procedure	 C	was	 followed	with	 40	 h	 of	
reaction	time	using	3-methyl-5-phenyl-1-penten-3-ol	(44	mg,	0.25	mmol)	as	starting	material,	
the	title	compound	was	obtained	(34.7	mg,	68%)	as	a	1:1.2	(E)/(Z)-mixture	(a	pale	yellow	oil).	
In	 two	 further	 experiments	 31.1	 mg	 (61%)	 and	 34.8	 (68%)	 were	 obtained,	 giving	 an	 average	 yield	 of	 66%.	 The	
observed	spectral	data	are	in	good	agreement	with	the	ones	reported	in	literature.Error!	Bookmark	not	defined.	1H-NMR	(400	
MHz,	CDCl3):	δ	=	7.31-7.25	(mA	2H),	7.23-7.15	(m,	3H),	5.34	(tq,	J	=	7.1,	1.4	Hz,	1H),	3.10	(signal	for	(E),	dq,	J	=	7.2,	1.0	
Hz,	1H),	2.92	(signal	for	(Z),	dq,	J	=	7.1,	1.2	Hz,	1H),	2.80-2.65	(m,	2H),	2.40-2.30	(m,	2H),	1.81	(signal	for	(Z),	dt,	J	=	1.3,	
1.3	Hz,	3H)	1.71	(signal	for	(E),	d,	J	=	1.3	Hz,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	=	178.6,	142.1,	141.8,	139.4,	139.0,	
128.5,	128.43,	128.40,	128.37,	126.0,	125.9,	116.4,	115.5,	41.5,	34.5,	34.3,	34.1,	33.5,	33.1,	23.5,	16.6	ppm.	
	
(E)-6-phenyl-3-hexenoic	acid	(3.9n).	General	procedure	C	with	the	following	changes:	Zn	(37.5	
mg,	2.5	equiv.),	DMF	(3.5	mL)	and	a	reaction	time	of	13h	using	5-phenyl-1-penten-3-ol	 (40.5	
mg,	 0.25	mmol)	 as	 starting	material,	 the	 title	 compound	was	 obtained	 (29.9	mg,	 63%)	 as	 an	 approx.	 92:8	 (E)/(Z)-
mixture	 (incomplete	 signal	 separation,	 a	 pale	 yellow	oil).	 In	 a	 separate	 experiment,	 28.8	mg	 (61%)	were	 obtained,	
giving	an	average	yield	of	62%.	The	observed	spectral	data	are	in	good	agreement	with	the	ones	reported	in	literature.	
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5,	65	1H-NMR	(500	MHz,	CDCl3):	δ	=	10.13	(br.	s,	1	H),	7.33-7.27	(m,	2H),	7.22-7.16	(m,	3H),	5.70-5.54	(m,	2H),	3.07	(d,	J	
=	6.5	Hz,	2H),	2.68	(t,	J	=	7.8	Hz,	2H),	2.36	(td,	J	=	7.8,	7.0	Hz,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	=	178.5,	141.7,	
134.5,	128.5,	128.4,	125.9,	121.6,	37.9,	35.6,	34.3	ppm.	
	
(E)-4,8-dimethylnona-3,7-dienoic	 acid	 (3.9o).	 From	 geraniol:	 Following	 the	 general	
procedure	C	using	geraniol	(43	µL,	0.25	mmol)	as	starting	material,	the	title	compound	was	
obtained	 (34.9	 mg,	 77%)	 as	 a	 94:6	 (E)/(Z)-mixture	 (a	 pale	 yellow	 oil).	 In	 a	 separate	
experiment,	33.6	mg	(74%)	were	obtained,	giving	an	average	yield	of	76%.	
From	nerol:	General	procedure	C	was	followed	but	employing	15	mol%	Ni-source	and	the	corresponding	amount	of	
ligand.	Using	nerol	(44	µL,	0.25	mmol)	as	starting	material,	the	title	compound	was	obtained	(28.5	mg,	63%)	as	a	16:84	
(E)/(Z)-mixture	(a	pale	yellow	oil).	In	a	separate	experiment,	26.1	mg	(57%)	were	obtained,	giving	an	average	yield	of	
60%.	
From	 linalool:	 Following	 the	 general	 procedure	 C	 using	 linalool	 (44	 µL,	 0.25	 mmol)	 as	 starting	 material,	 the	 title	
compound	was	obtained	(28.3	mg,	62%)	as	a	1:1.4	(E)/(Z)-mixture	(a	pale	yellow	oil).	In	a	separate	experiment,	27.5	
mg	(60%)	were	obtained,	giving	an	average	yield	of	61%.		
The	observed	spectral	data	are	in	good	agreement	with	the	ones	reported	in	literature.,66	1H-NMR	(500	MHz,	CDCl3):	δ	
=	9.23	(br.	s,	1	H),	5.35-5.23	(d,	J	=	7.1	Hz,	1H),	5.12-5.06	(m,	1H),	3.09	(d,	J	=	7.1	Hz,	2H),	2.14-2.01	(m,	4H),	1.77-1.75	
(signal	of	Z-isomer,	m,	3H),	1.68	(brs,	3H),	1.64	(signal	of	E-isomer,	br	s,	3H),	1.60	(br	s,	3H)	ppm.	13C-NMR	(125	MHz,	
CDCl3):	(E)-isomer:	δ	=	178.8,	139.8,	131.8,	124.0,	115.0,	39.6,	33.6,	26.5,	25.8,	17.8,	16.5	ppm.	(Z)-isomer:	δ	=	178.8,	
139.9,	132.2,	123.8,	115.7,	33.4,	32.2,	26.3,	25.8,	23.5,	17.7	ppm.	
	
	
Ni-catalyzed	carboxylation	of	allyl	alcohols	using	L3.9	(Scheme	3.12	and	3.13)	
	
General	 procedure	D:	An	oven-dried	Schlenk	 tube	equipped	with	a	magnetic	 stirring	bar	was	charged	with	Zn	dust	
(24.5	 mg,	 0.38	 mmol,	 1.5	 equiv.)	 and	 4,4'',6,6''-tetramethyl-2,2':6',2''-terpyridine	 (7.2	 mg,	 0.025	 mmol,	 10	 mol%).	
Subsequently	 the	Schlenk	 tube	was	 introduced	 into	 the	glove	box	and	charged	with	CaCl2	 (111	mg,	1.00	mmol,	4.0	
equiv.)	and	Ni(COD)2	(6.9	mg,	0.025	mmol,	10	mol%).	The	Schlenk	flask	was	extracted	from	the	glove	box	and	filled	
with	CO2	by	applying	 three	cycles	of	evacuation	and	 filling	with	CO2.	Subsequently,	 the	allyl	alcohol	 substrate	 (0.25	
mmol)	was	added	by	syringe,	 followed	by	Et3N	(105	µL,	0.75	mmol,	3.0	equiv.)	and	DMA	(1.25	mL)	with	a	constant	
flow	of	CO2.	The	Schlenk	flask	was	tightly	sealed	and	stirred	at	room	temperature	for	16	hours	(otherwise	stated)	after	
which	 it	 was	 quenched	 by	 careful	 addition	 of	 2M	 aq.	 HCl	 sol.	 The	 reaction	 mixture	 was	 diluted	 with	 water	 and	
extracted	3	times	with	EtOAc.	The	combined	organic	phases	were	washed	with	brine,	dried	over	MgSO4	and	filtered.	
The	products	were	purified	by	flash	chromatography	(hexanes/EtOAc).		
	
2-vinylheptanoic	 acid	 (2b).	 General	 procedure	 D	 was	 followed	 using	 (E)-oct-2-en-1-ol	 (32.1	 mg,	 0.25	
mmol)	as	starting	material	provided	32.4	mg	(83%	yield)	of	the	corresponding	carboxylic	acid	(97:3	2b:2a	
mixture)	as	a	 colourless	oil.	 In	a	 separate	experiment,	30.8	mg	 (79%)	were	obtained,	giving	an	average	
yield	 of	 81%.	 General	 procedure	 D	 was	 followed	 using	 oct-1-en-3-ol	 (32.1	mg,	 0.25	mmol)	 as	 starting	
material	provided	31.8	mg	(81%	yield)	of	the	corresponding	carboxylic	acid	(97:3	3.10a:3.9a	mixture)	as	a	colourless	
oil.	 In	a	 separate	experiment,	32.0	mg	 (82%)	were	obtained,	giving	an	average	yield	of	81%.	The	observed	spectral	
data	are	in	agreement	with	the	ones	reported	in	literature.5	1H	NMR	(400	MHz,	CDCl3)	δ	=	5.82	(ddd,	J	=	17.0,	10.3,	8.6	
Hz,	1H),	5.18	(dd,	J	=	7.7,	1.1	Hz,	1H),	5.15	(s,	1H),	3.02	(3.02	(q,	J	=	7.2	Hz,	1H)),	1.83	–	1.72	(m,	1H),	1.61	–	1.51	(m,	
1H),	1.36	–	1.14	(m,	6H),	0.88	(t,	J	=	6.6	Hz,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	=	180.7,	135.7,	117.7,	50.3,	32.1,	
31.6,	26.8,	22.6,	14.1	ppm.	
	
2-cyclohexylbut-3-enoic	acid	(3.10b).	General	procedure	D	was	followed	using	1-cyclohexylprop-2-en-
1-ol	 (35.1mg,	 0.25	 mmol)	 as	 starting	 material	 provided	 28.9	 mg	 (69%	 yield)	 of	 the	 corresponding	
carboxylic	 acid	 (82:18	3b:3a	mixture)	 as	 a	 pale	 yellow	oil.	 In	 a	 separate	 experiment,	 27.2	mg	 (65%)	
were	obtained,	giving	an	average	yield	of	67%.	The	observed	spectral	data	are	in	agreement	with	the	
                                                
65	S.	M.	Smith,	N.	C.	Thacker,	J.	M.	Takacs,	J.	Am.	Chem.	Soc.	2008,	130,	3734-3735. 
66	A.	Yanagisawa,	K.	Yasue,	H.	Yamamoto,	Org.	Synth.	1997,	74,	178.		
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ones	reported	in	literature.67	1H	NMR	(500	MHz,	CDCl3)	δ	=	5.79	(dt,	J	=	17.0,	9.9	Hz,	1H),	5.17	(dd,	J	=	10.2,	1.5	Hz,	1H),	
5.13	(dd,	J	=	17.0,	1.5	Hz,	1H),	2.77	(t,	J	=	8.9	Hz,	1H),	1.91	–	1.57	(m,	6H),	1.37	–	0.83	(m,	5H)	ppm.	13C	NMR	(75	MHz,	
CDCl3)	δ	=	180.4,	134.7,	118.7,	57.4,	39.9,	31.3,	30.1,	26.3,	26.2,	26.2	ppm.	
	
3-benzyl-3-butenoic	acid	(3.10c).	General	procedure	D	was	followed	using	2-benzyl-2-propen-1-
ol	(37.1	mg,	0.25	mmol)	as	starting	material,	the	title	compound	was	obtained	(31.3	mg,	71%)	as	
a	pale	yellow	oil.	 In	a	separate	experiment,	2331.5	mg	(71%)	were	obtained,	giving	an	average	
yield	of	71%.	The	observed	spectral	data	are	in	good	agreement	with	the	ones	reported	in	literature.64	1H-NMR	(500	
MHz,	CDCl3):	δ	=	7.32-7.29	(m,	2H),	7.24-7.20	(m,	3H),	5.05	(d,	J	=	1.4	Hz,	1H),	5.01	(d,	J	=	1.4	Hz,	1H),	3.49	(s,	2H),	3.03	
(s,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	=	177.7,	141.3,	138.6,	129.2,	128.5,	126.5,	116.4,	42.7,	40.7	ppm.	
	
5-phenyl-2-vinylpentanoic	 acid	 (3.10d).	 General	 procedure	 D	 was	 followed	 using	 6-phenylhex-1-en-3-ol	
(44.1,	0.25	mmol)	as	 starting	material	provided	40.5	mg	 (79%	yield)	of	 the	corresponding	carboxylic	acid	
(95:5	3.10d:3.9d	mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	 separate	 experiment,	 37.5	mg	 (73%)	were	 obtained,	
giving	an	average	yield	of	76%.	1H	NMR	(300	MHz,	CDCl3)	δ	=	7.34	–	7.27	(m,	2H),	7.25	–	7.13	(m,	3H),	5.83	
(ddd,	J	=	17.1,	9.9,	8.7	Hz,	1H),	5.21	(d,	J	=	3.7	Hz,	1H),	5.18	–	5.15	(m,	1H),	3.13	–	3.00	(m,	1H),	2.71	–	2.61	(m,	2H),	
1.92	–	1.78	(m,	1H),	1.75	–	1.53	(m,	3H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	δ	=	180.6,	142.0,	135.4,	128.5,	128.5,	126.0,	
118.0,	50.1,	35.7,	31.6,	28.9	ppm.	IR	(neat,	cm-1):	3026,	2933,	2861,	1703,	1638,	1496,	1453,	1413,	1286,	1222,	992,	
924,	748,	699.	HRMS	calcd.	for	C13H15O2	(M-H):	203.1078,	found	203.1083.	
	
3-methyl-2-phenethylbut-3-enoic	acid	(3.10e).	General	procedure	D	was	followed	using	2-methyl-5-
phenylpent-1-en-3-ol	(44.1	mg,	0.25	mmol)	as	starting	material	provided	41.7	mg	(82%	yield)	of	the	
corresponding	 carboxylic	 acid	 (>99:1	 3.10e:3.9e	 mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	 separate	
experiment,	 42.5	 mg	 (83%)	 were	 obtained,	 giving	 an	 average	 yield	 of	 82%.	 The	 observed	 spectral	 data	 are	 in	
agreement	with	the	ones	reported	 in	 literature.5	1H	NMR	(400	MHz,	CDCl3)	δ	=	7.35	–	7.27	(m,	2H),	7.25	–	7.15	(m,	
3H),	5.02	(q,	J	=	1.4	Hz,	1H),	4.98	(s,	1H),	3.11	(t,	J	=	7.5	Hz,	1H),	2.64	(d,	J	=	7.4	Hz,	2H),	2.26	–	2.08	(m,	1H),	2.03	–	1.88	
(m,	1H),	1.83	(s,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	=	180.0,	141.8,	141.4,	128.6,	128.5,	126.2,	115.0,	52.4,	33.6,	
31.6,	20.3	ppm.	
	
2-(2-(naphthalen-1-yl)ethyl)but-3-enoic	 acid	 (3.10f).	General	procedure	D	was	followed	using	
5-(1-naphthalenyl)-1-penten-3-ol	 (53	 mg,	 0.25	 mmol)	 as	 starting	 material	 provided	 42.0	 mg	
(67%	yield)	of	the	corresponding	carboxylic	acid	(>98:2	3.10f:3.9f	mixture)	as	a	yellow	oil.	In	a	
separate	 experiment,	 43.6	mg	 (73%	 yield)	were	 obtained,	 giving	 an	 average	 yield	 of	 70%.	 1H	
NMR	(400	MHz,	CDCl3)	δ	=	8.04	(dq,	J	=	8.6,	0.9	Hz,	1H),	7.86	(dd,	J	=	7.9,	1.6	Hz,	1H),	7.74	(dt,	J	=	8.1,	1.0	Hz,	1H),	7.57	
–	7.47	(m,	2H),	7.41	(t,	J	=	8.0,	1H),	7.34	(d,	J	=	7.0,	1H),	6.02	–	5.87	(m,	1H),	5.31	(d,	J	=	6.7	Hz,	1H),	5.27	(d,	J	=	0.8	Hz,	
1H),	3.22	(q,	J	=	7.5	Hz,	1H),	3.17	–	3.11	(m,	2H),	2.37	–	2.26	(m,	1H),	2.09	–	1.98	(m,	1H)	ppm.	13C	NMR	(101	MHz,	
CDCl3)	δ	=	180.3,	137.5,	135.2,	134.1,	131.9,	128.9,	127.1,	126.3,	126.1,	125.7,	123.7,	118.6,	50.0,	32.9,	30.5	ppm.	IR	
(neat,	 cm-1):	3046,	2931,	1704,	1597,	1510,	1414,	1284,	926,	778.	HRMS	calcd.	 for	C16H15O2	(M-H):	239.1078,	 found	
239.1084.	
	
2-(4-methoxyphenethyl)but-3-enoic	 acid	 (3.10g).	 General	 procedure	 D	 was	 followed	 using	 5-(4-
methoxyphenyl)-1-penten-3-ol	(48	mg,	0.25	mmol)	as	starting	material	provided	35.2	mg	(64%	yield)	
of	 the	 corresponding	 carboxylic	 acid	 (97:3	 3.10g:3.9g	 mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	 separate	
experiment,	34.5	mg	(63%	yield)	were	obtained,	giving	an	average	yield	of	64%.	1H	NMR	(400	MHz,	
CDCl3)	δ	=	7.10	(d,	J	=	8.6	Hz,	2H),	6.83	(d,	J	=	8.6	Hz,	2H),	5.86	(ddd,	J	=	17.0,	10.4,	8.6	Hz,	1H),	5.26	–	
5.15	(m,	2H),	3.79	(s,	3H),	3.06	(q,	J	=	7.8	Hz,	1H),	2.70	–	2.52	(m,	2H),	2.16	–	2.05	(m,	1H),	1.89	–	1.79	(m,	1H)	ppm.	13C	
NMR	(101	MHz,	CDCl3)	δ	180.3,	158.1,	135.3,	133.3,	129.5,	129.5,	118.3,	114.0,	55.4,	49.4,	33.8,	32.3	ppm.	IR	(neat,	
cm-1):	 2932,	2836,	1704,	1512,	1442,	1300,	1245,	1177,	1036,	925,	831.	HRMS	calcd.	 for	C13H15O3	(M-H):	 219.1027,	
found	219.1027.		
	
                                                
67	E.	M.	Brun,	S.	Gil,	R.	Mestres,	M.	Parra,	Synthesis	2000,	8,	1160-1165.	
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2-(1-(Benzo[d][1,3]dioxol-6-yl)propan-2-yl)but-3-enoic	 acid	 (3.10h).	 General	 procedure	 D	
(reaction	 time:	40	h)	was	 followed	using	5-(benzo[d][1,3]dioxol-5-yl)-4-methylpent-1-en-3-ol	
(55.1	mg,	0.25	mmol)	as	starting	material	provided	48.5	mg	(78%	yield)	of	the	corresponding	
carboxylic	 acid	 (1:1	 syn:anti,	 85:15	 3.10h:3.9h	 mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	 separate	
experiment,	 51.1	 mg	 (82%)	 were	 obtained,	 giving	 an	 average	 yield	 of	 80%.	 The	 observed	 spectral	 data	 are	 in	
agreement	with	 the	ones	 reported	 in	 literature.5	 (Mixture	of	 isomers)	 1H	NMR	 (400	MHz,	Chloroform-d)	δ	=	6.77	–	
6.51	(m,	3H),	5.97	–	5.78	(m,	3H),	5.33	–	5.14	(m,	2H),	3.11	–	2.79	(m,	2H),	2.73	–	2.06	(m,	2H),	0.90	(d,	J	=	6.0	Hz,	2H)	
or	0.87	(d,	J	=	6.6	Hz,	1H)	ppm.	13C	NMR	(101	MHz,	Chloroform-d)	δ	=	180.4,	180.0,	147.6,	145.9,	140.3,	134.5,	134.2,	
133.9,	133.3,	122.2,	122.2,	119.7,	119.4,	109.7,	109.6,	108.2,	100.9,	56.2,	55.3,	40.9,	39.7,	37.9,	37.3,	17.0,	16.1	ppm.	
	
	
2-(3-(trifluoromethyl)phenethyl)but-3-enoic	 acid	 (3.10i).	General	procedure	D	was	 followed	using	5-
(3-(trifluoromethyl)phenyl)-1-penten-3-ol	(57.5	mg,	0.25	mmol)	as	starting	material	provided	46.5	mg	
(72%	 yield)	 of	 the	 corresponding	 carboxylic	 acid	 (97:3	 3.10i:3.9i	 mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	
separate	experiment,	47.5	mg	(74%	yield)	were	obtained,	giving	an	average	yield	of	73%.	1H	NMR	(400	
MHz,	CDCl3)	δ	=	7.49	–	7.34	(m,	4H),	5.87	(ddd,	J	=	17.1,	10.3,	8.6	Hz,	1H),	5.34	–	5.13	(m,	2H),	3.07	(q,	J	
=	7.7	Hz,	1H),	2.80	–	2.64	(m,	2H),	2.21	–	2.10	(m,	1H),	1.96	–	1.85	(m,	1H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	=	180.2,	
142.2,	134.9,	132.0,	130.9	 (q,	 J	=	31.9	Hz),	129.0,	125.3	 (q,	 J	=	3.8	Hz),	124.3	 (q,	 J	=	273.0	Hz)	123.2	 (q,	 J	=	3.8	Hz),	
123.0,	118.8,	49.5,	33.3,	33.1	ppm.	19F	NMR	(376	MHz,	CDCl3)	δ	=	-62.71.	IR	(neat,	cm
-1):	2933,	1706,	1450,	1414,	1328,	
1163,	1123,	1074,	927,	802,	703,	660.	HRMS	calcd.	for	C13H12O2F3	(M-H):	257.0795,	found	257.0789.	
	
2-(2-chlorophenethyl)but-3-enoic	 acid	 (3.10j).	 General	 procedure	 D	 was	 followed	 using	 55-(2-
chlorophenyl)-1-penten-3-ol	 (49.0	 mg,	 0.25	 mmol)	 as	 starting	 material	 provided	 35.4	 mg	 (63%	
yield)	 of	 the	 corresponding	 carboxylic	 acid	 (97:3	 3.10j:3.9j,	 mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	
separate	experiment,	37.7	mg	(67%	yield)	were	obtained,	giving	an	average	yield	of	65%.	1H	NMR	
(400	MHz,	CDCl3)	δ	=	7.34	(dd,	J	=	7.5,	1.6	Hz,	1H),	7.25	–	7.11	(m,	3H),	5.89	(ddd,	J	=	17.4,	9.9,	8.5	Hz,	1H),	5.27	(d,	J	=	
6.4	Hz,	1H),	5.24	(d,	J	=	0.8	Hz,	1H),	3.11	(q,	J	=	7.6	Hz,	1H),	2.97	–	2.63	(m,	2H),	2.21	–	2.07	(m,	1H),	1.96	–	1.84	(m,	1H)	
ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	=	180.3,	139.0,	135.1,	134.1,	130.6,	129.7,	127.7,	127.0,	118.6,	49.7,	31.7,	31.2	ppm.	
IR	 (neat,	 cm-1):	 3069,	 2931,	 1702,	 1638,	 1474,	 1443,	 1412,	 1283,	 1219,	 1052,	 991,	 923,	 748,	 680.	 HRMS	 calcd.	 for	
C12H12O2Cl	(M-H):	223.0531,	found	223.0528.	
	
2-(4-(pivaloyloxy)phenethyl)but-3-enoic	 acid	 (3.10k).	General	procedure	D	was	 followed	using	5-(4-
(pivaloyloxy)phenyl)-1-penten-3-ol	 (53	mg,	 0.25	mmol)	 as	 starting	material	 provided	 49.8	mg	 (69%	
yield)	 of	 the	 corresponding	 carboxylic	 acid	 (97:3	3.10k:3.9k	mixture)	 as	 a	white	 solid.	 In	 a	 separate	
experiment,	45.5	mg	 (63%	yield)	were	obtained,	giving	an	average	yield	of	66%.	 1H	NMR	(400	MHz,	
CDCl3)	δ	=	7.18	(d,	J	=	8.5	Hz,	2H),	7.06	–	6.93	(m,	2H),	5.86	(ddd,	J	=	17.0,	10.3,	8.6	Hz,	1H),	5.25	–	5.22	
(m,	1H),	5.22	–	5.16	(m,	1H),	3.06	(q,	J	=	7.7	Hz,	1H),	2.77	–	2.52	(m,	2H),	2.18	–	2.07	(m,	1H),	1.92–		1.81(m,	1H),	1.35	
(s,	9H)	ppm.13C	NMR	 (101	MHz,	CDCl3)	δ	=	180.0,	177.4,	149.5,	138.5,	135.2,	1	29.4,	121.5,	118.4,	49.4,	39.2,	33.5,	
32.6,	27.3	ppm.	Melting	Point:	85-86	oC.	IR	(neat,	cm-1):	2978,	1740,	1699,	1637,	1506,	1456,	1279,	1197,	1165,	1122,	
924,	898,	761.	HRMS	calcd.	for	C17H21O4	(M-H):	289.1445,	found	289.1446.	
	
2-(3-(ethoxycarbonyl)phenethyl)but-3-enoic	 acid	 (3.10l).	General	procedure	D	was	 followed	using	
ethyl	3-(3-hydroxypent-4-en-1-yl)benzoate	(58.6	mg,	0.25	mmol)	as	starting	material	provided	50.4	
mg	(77%	yield)	of	the	corresponding	carboxylic	acid	(97:3	3.10l:3.9l		mixture)	as	a	pale	yellow	oil.	In	a	
separate	experiment,	45.2	mg	 (69%)	were	obtained,	giving	an	average	yield	of	73%.	The	observed	
spectral	data	are	in	agreement	with	the	ones	reported	in	literature.5	1H	NMR	(300	MHz,	CDCl3)	δ	=	
7.91	–	9.85	(m,	2H),	7.46	–	7.31	(m,	2H),	5.86	(ddd,	J	=	16.8,	10.5,	8.6	Hz,	1H),	5.25	(s,	1H),	5.20	(dt,	J	=	9.3,	1.0	Hz,	1H),	
4.37	(q,	J	=	7.1	Hz,	2H),	3.07	(q,	J	=	7.7	Hz,	1H),	2.75	–	2.64	(m,	2H),	2.21	–	2.10	(m,	1H),	1.96	–	1.85	(m,	1H),	1.39	(t,	J	=	
7.1	Hz,	3H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	δ	180.0,	166.9,	141.5,	135.1,	133.2,	130.8,	129.6,	128.6,	127.5,	118.6,	61.1,	
49.5,	33.4,	33.0,	14.5	ppm.		
	
2-methyl-2-phenethylbut-3-enoic	 acid	 (3.10m).	 General	 procedure	 D	 (reaction	 time:	 40	 h)	 was	
followed	using	3-methyl-5-phenylpent-1-en-3-ol	(44.1	mg,	0.25	mmol)	as	starting	material	provided	
CO2H
OPiv
CO2H
CO2Et
Ph
Me CO2H
CO2H
O
O Me
CO2H
CF3
CO2HCl
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47.1	 mg	 (92%	 yield)	 of	 the	 corresponding	 carboxylic	 acid	 (>99:1	 3.10m:3.9m	 mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	
separate	experiment,	47.1	mg	(92%)	were	obtained,	giving	an	average	yield	of	92%.	The	observed	spectral	data	are	in	
agreement	with	the	ones	reported	 in	 literature.5	1H	NMR	(500	MHz,	CDCl3)	δ	=	7.33	–	7.26	(m,	2H),	7.24	–	7.16	(m,	
3H),	6.13	(ddd,	J	=	17.6,	10.7,	1.4	Hz,	1H),	5.25	(d,	J	=	3.5	Hz,	1H),	5.23	(d,	J	=	3.1	Hz,	1H),	2.68	–	2.63	(m,	2H),	2.14	–	
2.05	(m,	1H),	1.99	–	1.92	(m,	1H),	1.42	(d,	J	=	1.4	Hz,	3H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	δ	=	182.5,	142.0,	140.8,	128.5,	
128.5,	126.1,	114.7,	48.7,	41.0,	31.2,	20.6	ppm.	
	
2-phenethylbut-3-enoic	acid	(19n).	General	procedure	D	was	followed	using	5-phenyl-1-penten-3-ol	
(40.5	 mg,	 0.25	 mmol)	 as	 starting	 material	 provided	 37.0	 mg	 (78%	 yield)	 of	 the	 corresponding	
carboxylic	 acid	 (97:3	 3.10n:3.9n	 mixture)	 as	 a	 pale	 yellow	 oil.	 In	 a	 separate	 experiment,	 39.2	mg	
(82%)	were	 obtained,	 giving	 an	 average	 yield	 of	 80%.	 The	 observed	 spectral	 data	 are	 in	 agreement	with	 the	 ones	
reported	in	literature.5	1H	NMR	(400	MHz,	CDCl3)	δ	=	7.37	–	7.30	(m,	2H),	7.27	–	7.17	(m,	3H),	5.91	(dd,	J	=	16.9,	10.2	
Hz,	1H),	5.28	(dd,	J	=	2.3,	1.2	Hz,	1H),	5.26	–	5.22	(m,	1H),	3.11	(q,	J	=	7.7	Hz,	1H),	2.84	–	2.55	(m,	2H),	2.25	–	2.14	(m,	
1H),	1.98	–	1.87	(m,	1H)	ppm.13C	NMR	(101	MHz,	CDCl3)	δ	=	180.6,	141.3,	135.2,	128.6,	128.6,	126.2,	118.4,	49.5,	33.5,	
33.2	ppm.	
	
2,6-dimethyl-2-vinylhept-5-enoic	 acid	 (3.10o).	 From	 linalool:	 General	 procedure	 D	 (reaction	
time:	40	h)	was	followed	using	linalool	(38.6	mg,	0.25	mmol)	as	starting	material	provided	31.7	
mg	(69%	yield)	of	the	corresponding	carboxylic	acid	(97:3	3.10o:3.9o	mixture)	as	a	pale	yellow	
oil.	In	a	separate	experiment,	28.1	mg	(62%)	were	obtained,	giving	an	average	yield	of	65%.	
From	geraniol:	General	procedure	D	(reaction	time:	40	h)	was	followed	using	geraniol	(38.6	mg,	0.25	mmol)	as	starting	
material	provided	33.6	mg	(74%	yield)	of	the	corresponding	carboxylic	acid	(97:3	3.10o:3.9o	mixture)	as	a	pale	yellow	
oil.	In	a	separate	experiment,	31.8	mg	(70%)	were	obtained,	giving	an	average	yield	of	72%.	
From	 nerol:	 General	 procedure	 D	 (reaction	 time:	 40	 h)	was	 followed	 using	 nerol	 (38.6	mg,	 0.25	mmol)	 as	 starting	
material	provided	29.8	mg	(65%	yield)	of	the	corresponding	carboxylic	acid	(92:8	3.10o:3.9o	mixture)	as	a	pale	yellow	
oil.	In	a	separate	experiment,	29.7mg	(65%)	were	obtained,	giving	an	average	yield	of	65%.		
The	observed	spectral	data	are	in	agreement	with	the	ones	reported	in	literature.5	1H	NMR	(500	MHz,	CDCl3)	δ	=	6.11	
–	5.98	(m,	1H),	5.16	(s,	1H),	5.13	(d,	J	=	5.2	Hz,	1H),	5.08	(tt,	J	=	7.2,	1.4	Hz,	1H),	2.03	–	1.89	(m	2H),	1.80	–	1.72	(m,	1H),	
1.67	(s,	3H),	1.65	–	1.60	(m,	1H),	1.58	(s,	3H),	1.31	(s,	3H)	ppm.	13C	NMR	(75	MHz,	CDCl3)	δ	=	182.6,	141.1,	132.3,	123.8,	
114.3,	48.5,	39.1,	25.8,	23.4,	20.4,	17.7	ppm.	
	 	
CO2H
Ph
Me CO2HMe
Me
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Formal	total	synthesis	of	(+)-trans-cognac	lactone	(Scheme	3.14)	
	
(E)-methyl-3-nonenoate	(3.11).	To	a	stirred	solution	of	(E)-3-nonenoic	acid	(112	mg,	0.72	mmol)	in	Et2O/MeOH	(2:1,	6	
mL)	 TMSCHN2	 (approx.	 10%	 solution	 in	 hexanes)	 was	 added	 dropwise,	 until	 the	 solution	 stayed	 light	 yellow.	 The	
resulting	reaction	mixture	was	used	in	the	next	step	without	further	purification.	The	residue	was	purified	by	column	
chromatography	 on	 silica	 (hexanes/EtOAc	 =	 95:5),	 yielding	 the	 title	 compound	 (78.3	mg,	 0.46	mmol,	 64%	 yield)	 as	
yellow	 oil.	 The	 observed	 spectral	 data	 are	 in	 good	 agreement	with	 the	 ones	 reported	 in	 literature.68	1H-NMR	 (500	
MHz,	CDCl3):	δ	=	5.60-5.47	(m,	2H),	3.68	(s,	3H),	3.03	(dm,	J	=	6.4	Hz,	2H),	2.04-2.00	(m,	2H),	1.40-1.22	(m,	6H),	0.88	(t,	
J	=	7.0	Hz,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	=	172.7,	135.1,	121.4,	51.8,	38.0,	31.5,	28.9,	22.6,	14.1	ppm.		
	
(4S,5S)-4,5-Dihydro-4-hydroxy-2-(3H)-furanone	(3.12).	(E)-methyl-3-nonenoate	(50.0	mg,	0.29	mmol),	AD-mix	α	(500	
mg),	 and	 MeSO2NH2	 (33.0	 mg,	 0.35	 mmol,	 1.2	 equiv.)	 were	 dissolved	 in	 tBuOH/H2O	 (1:1,	 4	 mL)	 at	 0	 ºC	 and	 the	
resulting	 reaction	mixture	was	 stirred	 at	 this	 temperature	 for	 3d.	 Subsequently	 the	 reaction	was	 quenched	 by	 the	
addition	of	 sat.	aq.	Na2SO3	 sol.	 (2	mL),	allowed	 to	warm	to	 room	temperature	and	stirred	 for	30	min.	The	 reaction	
mixture	was	extracted	with	Et2O	(3	×	5	mL)	and	the	combined	organic	extracts	were	washed	with	water	(2	mL)	and	
brine	(2	mL).	Drying	over	MgSO4,	filtration	and	concentration	under	reduced	pressure	gave	the	crude	product,	which	
was	purified	by	column	chromatography	on	silica	(cyclohexane/EtOAc	=	2:1),	giving	the	title	compound	as	a	colorless	
liquid	(45.1	mg,	90%).	The	observed	spectral	data	are	 in	good	agreement	with	the	ones	reported	 in	 literature.68	 1H-
NMR	(400	MHz,	CDCl3):	δ	=	4.46	(br.	dd,	J	=	4.4,	4.4	Hz,	1H),	4.36	(ddd,	J	=	9.5,	5.7,	3.6	Hz,	1H),	2.79	(dd,	J	=	17.7,	5.5	
Hz,	1H),	2.62	(br.	S,	1H),	2.54	(dd,	J	=	17.7,	1.0	Hz,	1H),	1.85	(dddd,	J	=	13.8,	10.0,	8.2,	5.3	Hz,	1H),	1.71	(dddd,	J	=	13.8,	
9.9,	5.7,	5.7	Hz,	1H),	1.55-1.27	(m,	6H),	0.95-0.85	(m,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	=	176.3,	85.3,	69.0,	39.6,	
31.7,	28.3,	25.3,	22.5,	24.0	ppm.	The	enantiomeric	ratio	was	determined	by	GC-analysis	on	a	chiral	stationary	phase	
(Alphadex	120,	 30	0.25	mm,	0.25µm,	 flow	=	1.5	mL/min,	 130	 ºC	 isotherm,	 tR	 (S,S-enantiomer)	 =	 135.5	min,	 tR(R,R-
enantiomer)	=	138.5	min)	 comparing	 the	enantioenriched	sample	with	a	 sample	obtained	by	conducting	 the	above	
reaction	using	AD-mix	β	and	mixing	the	products	obtained	from	both	reactions	(giving	a	scalemic	rather	than	racemic	
mixture):	
	
	 	
                                                
68a)	T.	Kapferer,	R.	Brückner,	A.	Herzig,	W.	A.	König,	Chem.	Eur.	J.	2005,	11,	2154-2162.	b)	C.	García,	T.	Martín,	V.	S.	Martín,	J.	Org.	Chem.	
2001,	66,	1420-1428.	
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64% yield 16
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Control	experiments	
	
(1) Reactions	with	MgCl2	and	CaCl2	
	
Control	experiments	were	carried	out	with	MgCl2	and	CaCl2	in	the	presence	of	CO2	to	rule	out	the	in-situ	formation	of	
a	more	reactive	allyl	chloride	from	the	allyl	alcohol.		
	
	
-	 Control	 experiment	with	MgCl2.	Following	general	procedure	C,	using	3.8a	 (0.2	mmol,	25.6	mg)	 in	the	absence	of	
NiBr2	glyme,	L3	and	Zn	did	not	provide	any	conversion	of	3.8a	as	judged	by	GC	analysis.		
	
	
-	 Control	 experiment	 with	 CaCl2	and	 Et3N.	 Following	 general	 procedure	 D,	 using	 3.8a	 (0.2	mmol,	 25.6	mg)	 in	 the	
absence	of	Ni(COD)2,	L8	and	Zn	did	not	provide	any	conversion	of	3.8a	as	judged	by	GC	analysis.		
	
-	 Control	 experiment	with	 CaCl2.	 Following	general	procedure	D,	using	3.8a	 (0.2	mmol,	25.6	mg)	 in	 the	absence	of	
Ni(COD)2,	L8,	Zn	and	Et3N	did	not	provide	any	conversion	of	3.8a	as	judged	by	GC	analysis.		
	
(2) Reactions	with	allyl	chloride	3.15	
	
Control	experiments	were	carried	out	using	an	allyl	chloride	with	L3.2	and	L3.9	(both	in	the	presence	and	absence	of	
Lewis	acid)	to	find	out	whether	it	was	competent	as	reaction	intermediate.	
	
	
-	Control	experiment	with	MgCl2	with	L3.2.	Following	general	procedure	C,	using	3.15	(0.2	mmol,	29.3	mg)	provided	
3.9a	 in	less	than	10%	yield	as	judged	by	GC	analysis.	Dimerization	and	reduction	products	were	formed	as	judged	by	
GC-MS	analysis.	
	
	
-	Control	experiment	without	MgCl2	with	L3.2.	Following	general	procedure	C,	using	3.15	(0.2	mmol,	29.3	mg)	in	the	
absence	of	MgCl2	did	not	provide	3.9a	as	judged	by	GC	analysis.	Dimerization	and	reduction	products	were	formed	as	
judged	by	GC-MS	analysis.	
	
	
-	 Control	 experiment	with	 CaCl2	with	 L8.	 Following	general	procedure	D,	using	3.15	 (0.2	mmol,	29.3	mg)	provided	
3.10a	in	less	than	10%	yield	as	judged	by	GC	analysis.	Dimerization	and	reduction	products	were	formed	as	judged	by	
GC-MS	analysis.	
	
No conversion of 3.8aMgCl2 (1.2 equiv)
DMF (0.1 M), 40 ºC, 16 h
C5H11 OH CO2 (1 atm)+
No conversion of 3.8a
CaCl2 (4.0 equiv)
DMA (0.2 M), rt, 16 h
3.8a
C5H11 OH CO2 (1 atm)+
with or without Et3N (3.0 equiv)
3.15
C5H11 Cl C5H11 CO2H
3.9a
< 10% yield
CO2 (1 atm)+
NiBr2·glyme (10 mol%)
bathocuproine, L3.2 (26 mol%)
Zn (4.0 equiv), MgCl2 (1.2 equiv)
DMF (0.1 M), 40 ºC, 16 h
N N
MeMe
Ph Ph
L3.2
No 3.9a detected by GC
3.15
C5H11 Cl CO2 (1 atm)+
NiBr2·glyme (10 mol%)
bathocuproine, L3.2 (26 mol%)
Zn (4.0 equiv)
DMF (0.1 M), 40 ºC, 16 h
N N
MeMe
Ph Ph
L3.2
N
N
N
Me L3.9 Me
Me Me
3.15
C5H11 Cl CO2 (1 atm)+
Ni(COD)2 (10 mol%)
L3.9 (10 mol%)
Zn (1.5 equiv), CaCl2 (4.0 equiv)
Et3N (3.0 equiv)
C5H11 CO2H
3.10a
< 10% yield
DMA (0.2 M), 40 ºC, 16 h
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-	Control	experiment	without	CaCl2	or	Et3N	with	L8.	Following	general	procedure	D,	using	3.15	(0.2	mmol,	29.3	mg)	in	
the	absence	of	CaCl2	and	Et3N	did	not	provide	3.10a	as	 judged	by	GC	analysis.	Dimerization	and	reduction	products	
were	formed	as	judged	by	GC-MS	analysis.	
	
Preliminary	mechanistic	studies		
	
(3) Stoichiometric	experiments	with	Ni0(L3)2	
	
	
-	Without	 Zn.	 Following	general	procedure	C,	using	3.8n	 (0.2	mmol,	32.4	mg),	 stoichiometric	amount	of	Ni0(L3)2	 (1	
equiv,	0.2	mmol,	161.9	mg)	and	L3	(0.6	equiv,	0.12	mmol,	43.0	mg)	without	Zn	did	not	provide	any	conversion	to	3.9n	
as	judged	by	GC	analysis.		
	
-	With	 Zn.	 Following	general	procedure	C,	using	3.8n	 (0.2	mmol,	32.4	mg),	 stoichiometric	amount	of	Ni0(L3.2)2	 (1.0	
equiv,	0.2	mmol,	161.9	mg),	L3	(0.6	equiv,	0.12	mmol,	43.0	mg)	and	Zn	(4.0	equiv,	0.6	mmol,	52.3	mg)	afforded	3.9n	in	
58%	 yield	 (23.8	 mg,	 0.116	 mmol,	 E:Z	 =	 92:8)	 after	 purification	 by	 column	 chromatography	 (hexanes/AcOEt	 5/1	
followed	by	hexanes/AcOEt	1/1).		
	
-	With	Zn	without	added	L3.	Following	general	procedure	C,	using	3.8n	(0.2	mmol,	32.4	mg),	stoichiometric	amount	of	
Ni0(L3)2	 (1.0	equiv,	0.2	mmol,	161.9	mg)	and	Zn	(4.0	equiv,	0.6	mmol,	52.3	mg)	afforded	3.9n	 in	22%	yield	 (8.4	mg,	
0.044	mmol,	E:Z	=	92:8)	after	purification	by	column	chromatography	(hexanes/AcOEt	5/1	followed	by	hexanes/AcOEt	
1/1).	
	 	
N
N
N
Me L3.9 Me
Me Me
3.15
C5H11 Cl CO2 (1 atm)+
Ni(COD)2 (10 mol%)
L3.9 (10 mol%)
Zn (1.5 equiv)
DMA (0.2 M), 40 ºC, 16 h
No 3.10a 
detected by GC
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(4) Stoichiometric	experiments	with	L3.9	and	Ni(COD)2	
	
-	Without	Zn.	Following	general	procedure	D,	using	3.8n	 (0.2	mmol,	32.4	mg),	stoichiometric	amount	of	Ni(COD)2	(1	
equiv,	0.2	mmol,	55.0	mg)	and	L3.9	(1.0	equiv,	0.2	mmol,	57.9	mg)	without	Zn	afforded	3.10n	 in	73%	yield	(27.9	mg,	
0.146	mmol)	after	purification	by	column	chromatography	(hexanes/AcOEt	5/1	followed	by	hexanes/AcOEt	1/1).	
	
-	With	 Zn.	 Following	general	procedure	D,	using	3.8n	 (0.2	mmol,	32.4	mg),	 stoichiometric	amount	of	Ni(COD)2	 (1.0	
equiv,	0.2	mmol,	55.0	mg),	L3.9	(1	equiv,	0.2	mmol,	57.9	mg)	and	Zn	(1.5	equiv,	0.3	mmol,	19.6	mg)	afforded	3.10n	in	
81%	 yield	 (30.7	 mg,	 0.161	 mmol)	 after	 purification	 by	 column	 chromatography	 (hexanes/AcOEt	 5/1	 followed	 by	
hexanes/AcOEt	1/1).	
	
-	Without	Zn,	CaCl2	or	Et3N.	Following	general	procedure	D,	using	3.8n	(0.2	mmol,	32.4	mg),	stoichiometric	amount	of	
Ni(COD)2	 (1	equiv,	 0.2	mmol,	 55.0	mg)	 and	L3.9	 (1.0	equiv,	 0.2	mmol,	 57.9	mg)	without	 Zn,	CaCl2	or	 Et3N	afforded	
3.10n	 in	51%	yield	(15.9	mg,	0.10	mmol)	after	purification	by	column	chromatography	(hexanes/AcOEt	5/1	followed	
by	hexanes/AcOEt	1/1).	The	reaction	provided	56%	conversion	of	3.8n	as	judged	by	GC	analysis.	
	
	
(5) Stoichiometric	experiments	with	Ni0(L3.2)2	and	Ni(COD)2/L3.9	in	the	absence	of	CO2		
	
-	With	Ni(0)(L3.2)2.	Following	general	procedure	C,	using	3.8n	(0.2	mmol,	32.4	mg),	stoichiometric	amount	of	Ni
0(L3)2	
(1.0	equiv,	0.2	mmol,	55.0	mg),	L3.2	(0.6	equiv,	0.12	mmol,	43.0	mg)	did	not	provide	any	conversion	of	3.8n	as	judged	
by	GC	analysis.	
	
-	 With	 Ni(COD)2/L3.9.	 Following	 general	 procedure	 D,	 using	 3.8n	 (0.2	 mmol,	 32.4	 mg),	 stoichiometric	 amount	 of	
Ni(COD)2	(1.0	equiv,	0.2	mmol,	55.0	mg)	and	L3.9	(1.0	equiv,	0.2	mmol,	57.9	mg)	provided	18%	conversion	of	3.8n	as	
judged	by	GC	analysis.	
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X.X.	1H-NMR	and	13C-NMR	Spectra	(linear	carboxylic	acids)	
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1
7
8
.6
9
CO2H
Me
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-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
δ [ppm]
6
.3
2
6
.2
8
1
.2
5
1
.9
4
2
.1
7
1
.0
4
1
.0
5
1
.0
8
1
.1
1
1
.1
3
1
.1
5
1
.1
6
1
.1
9
1
.2
1
1
.2
3
1
.2
4
1
.2
5
1
.2
7
1
.6
0
1
.6
2
1
.6
4
1
.6
6
1
.6
8
1
.6
9
1
.7
0
1
.7
3
1
.7
6
1
.9
4
1
.9
5
1
.9
6
1
.9
7
1
.9
8
3
.0
5
3
.0
7
5
.4
3
5
.4
4
5
.4
6
5
.4
6
5
.4
8
5
.5
0
5
.5
1
5
.5
3
5
.5
5
5
.5
7
7
.2
6
 C
D
C
l3
2.953.003.053.103.153.20
δ [ppm]
0
.9
1
0
.0
9
-20-100102030405060708090100110120130140150160170180190200210220
δ [ppm]
2
6
.1
3
2
6
.2
8
3
2
.8
9
3
8
.0
1
4
0
.7
3
7
7
.1
6
 C
D
C
l3
1
1
8
.5
2
1
4
1
.3
2
1
7
8
.3
3
CO2H
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-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.0
δ [ppm]
2
.0
9
2
.1
2
0
.9
9
0
.9
9
3
.3
4
2
.2
4
3
.0
4
3
.4
9
5
.0
1
5
.0
1
5
.0
5
5
.0
5
7
.2
0
7
.2
1
7
.2
1
7
.2
1
7
.2
2
7
.2
2
7
.2
3
7
.2
4
7
.2
4
7
.2
6
 C
D
C
l3
7
.2
6
7
.2
9
7
.3
0
7
.3
1
7
.3
1
7
.3
1
7
.3
2
7
.3
2
-20-100102030405060708090100110120130140150160170180190200210220
δ [ppm]
4
0
.8
0
4
2
.7
5
7
7
.1
6
 C
D
C
l3
1
1
6
.4
3
1
2
6
.5
9
1
2
8
.6
0
1
2
9
.2
6
1
3
8
.6
8
1
4
1
.3
8
1
7
7
.7
3
CO2H
Chapter	3.	
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-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
δ [ppm]
1
.8
8
1
.8
7
1
.9
1
2
.0
0
1
.9
7
3
.0
1
2
.1
0
1
.6
9
1
.7
0
1
.7
2
1
.7
3
1
.7
5
2
.0
7
2
.0
8
2
.1
0
2
.1
1
2
.6
0
2
.6
2
2
.6
3
5
.5
1
5
.5
2
5
.5
4
5
.5
5
5
.5
7
5
.5
9
5
.6
0
5
.6
1
5
.6
3
7
.1
6
7
.1
8
7
.1
9
7
.2
5
7
.2
6
 C
D
C
l3
7
.2
6
7
.2
7
7
.2
9
3.053.073.093.113.133.15
δ [ppm]
0
.9
1
0
.0
9
-20-100102030405060708090100110120130140150160170180190200210
δ [ppm]
3
0
.8
8
3
2
.0
9
3
5
.4
3
3
7
.9
2
7
7
.1
6
 C
D
C
l3
1
2
1
.4
1
1
2
5
.8
4
1
2
8
.4
1
1
2
8
.5
9
1
3
5
.1
0
1
4
2
.4
4
1
7
8
.5
4
CO2H
Ph
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-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
δ [ppm]
3
.1
0
2
.1
6
2
.2
0
2
.1
7
0
.9
6
3
.2
2
2
.2
4
1
.6
6
1
.6
6
2
.3
4
2
.3
5
2
.3
7
2
.3
9
2
.6
5
2
.6
6
2
.6
7
2
.6
8
2
.6
9
3
.0
2
3
.0
3
4
.9
6
4
.9
9
5
.0
0
5
.0
0
5
.3
6
5
.3
6
5
.3
7
5
.3
8
5
.3
8
5
.3
8
5
.4
0
5
.4
0
7
.1
7
7
.1
8
7
.1
8
7
.1
9
7
.1
9
7
.2
0
7
.2
0
7
.2
6
7
.2
6
 C
D
C
l3
7
.2
7
7
.2
7
7
.2
8
7
.2
8
7
.2
8
7
.2
8
7
.2
9
7
.3
0
7
.3
0
5.05.15.25.35.45.5
δ [ppm]
0
.0
4
0
.0
4
0
.9
5
0
.1
0
-100102030405060708090100110120130140150160170180190200210
δ [ppm]
1
6
.3
5
3
0
.1
6
3
5
.7
5
4
4
.8
4
7
7
.1
6
 C
D
C
l3
1
2
5
.9
4
1
2
8
.4
1
1
2
8
.5
7
1
2
8
.6
0
1
2
9
.2
6
1
4
2
.0
1
1
7
8
.4
0
CO2H
Me
Ph
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-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
δ [ppm]
1
.9
7
2
.0
2
1
.9
0
2
.1
2
0
.9
3
0
.9
3
0
.9
6
0
.9
8
0
.9
4
0
.9
9
0
.9
8
2
.4
8
2
.5
0
2
.5
2
2
.5
4
3
.1
4
3
.1
6
3
.1
6
3
.1
8
5
.5
9
5
.6
1
5
.6
3
5
.6
5
5
.7
0
5
.7
2
5
.7
4
5
.7
6
7
.2
6
 C
D
C
l3
7
.2
6
7
.3
1
7
.3
3
7
.3
8
7
.4
0
7
.4
1
7
.4
7
7
.4
9
7
.5
0
7
.5
1
7
.5
2
7
.7
1
7
.7
3
7
.8
4
7
.8
5
7
.8
6
8
.0
2
8
.0
4
2.993.013.033.053.073.093.113.13
δ [ppm]
0
.0
5
0
.9
5
-20-100102030405060708090100110120130140150160170180190200210220
δ [ppm]
3
2
.7
7
3
3
.6
5
3
7
.9
0
7
7
.1
6
 C
D
C
l3
1
2
1
.6
8
1
2
3
.8
4
1
2
5
.5
8
1
2
5
.6
5
1
2
5
.9
2
1
2
6
.1
2
1
2
6
.8
4
1
2
8
.9
2
1
3
1
.9
5
1
3
4
.0
1
1
3
4
.7
3
1
3
7
.8
3
1
7
8
.3
2
CO2H
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-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
δ [ppm]
2
.0
9
2
.0
0
2
.0
1
3
.0
8
1
.9
5
2
.0
3
2
.0
1
2
.3
2
2
.3
3
2
.3
3
2
.3
3
2
.3
4
2
.3
4
2
.3
4
2
.3
4
2
.3
5
2
.3
5
2
.3
6
2
.3
6
2
.6
3
2
.6
4
2
.6
4
2
.6
6
3
.7
9
5
.5
2
5
.5
2
5
.5
2
5
.5
3
5
.5
3
5
.5
4
5
.5
5
5
.5
5
5
.5
5
5
.5
5
5
.5
5
5
.5
6
5
.5
7
5
.5
7
5
.5
8
5
.5
8
5
.5
8
5
.6
1
5
.6
1
5
.6
1
5
.6
2
5
.6
2
5
.6
2
5
.6
3
5
.6
3
5
.6
4
5
.6
4
5
.6
4
5
.6
5
5
.6
5
5
.6
6
5
.6
6
5
.6
7
5
.6
7
6
.8
2
6
.8
4
7
.0
8
7
.1
0
7
.1
0
7
.2
6
 C
D
C
l3
3.023.033.043.053.063.073.083.093.103.113.12
δ [ppm]
0
.0
8
0
.9
2
-20-100102030405060708090100110120130140150160170180190200210220
δ [ppm]
3
4
.6
3
3
4
.7
6
3
7
.8
7
5
5
.3
9
7
7
.1
6
 C
D
C
l3
1
1
3
.8
7
1
2
1
.5
6
1
2
9
.4
4
1
3
3
.9
0
1
3
4
.6
7
1
5
7
.9
2
1
7
8
.3
0
CO2H
OMe
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-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
δ [ppm]
2
.9
4
1
.9
6
0
.9
8
1
.8
9
1
.9
6
2
.1
0
0
.9
8
1
.0
1
0
.9
6
0
.9
7
0
.9
9
2
.3
7
2
.3
7
2
.3
7
2
.3
9
2
.3
9
2
.3
9
2
.4
0
2
.4
1
2
.4
1
2
.4
2
2
.4
5
2
.4
6
2
.5
6
2
.5
7
2
.5
9
2
.6
0
3
.0
4
3
.0
6
5
.4
0
5
.4
0
5
.4
2
5
.4
2
5
.4
4
5
.4
4
5
.4
4
5
.4
6
5
.4
6
5
.4
7
5
.4
8
5
.5
1
5
.5
1
5
.5
1
5
.5
3
5
.5
3
5
.5
3
5
.5
5
5
.5
5
5
.5
6
5
.5
7
5
.9
1
6
.5
5
6
.5
6
6
.5
7
6
.5
8
6
.6
2
6
.6
3
6
.7
0
6
.7
2
7
.2
6
 C
D
C
l3
2.953.003.053.103.15
δ [ppm]
0
.0
3
0
.9
7
3
.0
4
3
.0
6
-20-100102030405060708090100110120130140150160170180190200210220
δ [ppm]
1
9
.5
9
3
7
.9
4
3
8
.6
0
4
3
.1
7
4
3
.3
2
7
7
.1
6
 C
D
C
l3
1
0
0
.8
4
1
0
8
.0
3
1
0
9
.7
0
1
1
9
.7
4
1
2
2
.1
7
1
3
4
.4
3
1
4
0
.2
7
1
4
5
.7
4
1
4
7
.4
8
1
7
8
.3
5
CO2HMe
O
O
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-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
δ [ppm]
2
.1
5
2
.0
2
1
.9
9
2
.0
1
4
.2
0
2
.3
6
2
.3
6
2
.3
7
2
.3
8
2
.3
8
2
.3
8
2
.3
9
2
.4
0
2
.4
0
2
.4
1
2
.7
4
2
.7
6
2
.7
8
5
.5
2
5
.5
3
5
.5
3
5
.5
5
5
.5
5
5
.5
5
5
.5
6
5
.5
7
5
.5
7
5
.5
9
5
.5
9
5
.6
0
5
.6
1
5
.6
2
5
.6
2
5
.6
2
5
.6
3
5
.6
4
5
.6
5
5
.6
6
7
.2
6
 C
D
C
l3
7
.3
4
7
.3
4
7
.3
5
7
.3
6
7
.3
6
7
.3
7
7
.3
9
7
.4
1
7
.4
2
7
.4
4
7
.4
4
7
.4
5
7
.4
6
7
.4
6
2.983.003.023.043.063.083.103.123.14
δ [ppm]
0
.0
6
0
.9
4
-100102030405060708090100110120130140150160170180190200210
δ [ppm]
3
4
.0
8
3
5
.4
1
3
7
.8
0
7
7
.1
6
 C
D
C
l3
1
2
0
.3
3
1
2
2
.3
1
1
2
2
.8
7
1
2
2
.9
1
1
2
2
.9
5
1
2
2
.9
9
1
2
3
.0
4
1
2
5
.2
5
1
2
5
.2
8
1
2
5
.3
2
1
2
5
.3
6
1
2
5
.7
4
1
2
8
.8
5
1
2
8
.9
1
1
3
0
.2
7
1
3
0
.5
9
1
3
0
.9
1
1
3
1
.2
3
1
3
2
.0
0
1
3
3
.8
0
1
4
2
.5
8
1
7
8
.2
2
CO2H
CF3
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-200-190-180-170-160-150-140-130-120-110-100-90-80-70-60-50-40-30-20-10
δ [ppm]
-
6
2
.6
9
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-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
δ [ppm]
2
.1
9
2
.0
9
2
.0
2
2
.0
7
3
.1
9
0
.9
7
2
.3
5
2
.3
6
2
.3
8
2
.4
0
2
.8
0
2
.8
1
2
.8
2
2
.8
4
5
.5
3
5
.5
4
5
.5
6
5
.5
8
5
.6
0
5
.6
3
5
.6
4
5
.6
6
5
.6
7
5
.6
8
5
.7
0
7
.1
2
7
.1
3
7
.1
3
7
.1
5
7
.1
5
7
.1
7
7
.1
8
7
.1
9
7
.2
0
7
.2
6
 C
D
C
l3
7
.2
6
7
.3
2
7
.3
3
7
.3
4
3.023.043.063.083.103.123.14
δ [ppm]
0
.0
5
0
.9
5
-20-100102030405060708090100110120130140150160170180190200210220
δ [ppm]
3
2
.5
7
3
3
.3
9
3
7
.8
7
7
7
.1
6
 C
D
C
l3
1
2
1
.9
1
1
2
6
.8
3
1
2
7
.5
2
1
2
9
.6
0
1
3
0
.5
7
1
3
4
.0
6
1
3
4
.2
1
1
3
9
.2
8
1
7
8
.3
2
CO2H
Cl
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-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
δ [ppm]
8
.9
2
2
.0
5
2
.1
6
2
.0
4
2
.0
5
2
.0
9
2
.0
3
1
.3
5
2
.3
3
2
.3
3
2
.3
5
2
.3
5
2
.3
6
2
.3
7
2
.3
7
2
.3
8
2
.3
8
2
.6
7
2
.6
9
2
.7
1
3
.0
3
3
.0
4
5
.4
8
5
.5
0
5
.5
2
5
.5
4
5
.5
7
5
.5
8
5
.6
0
5
.6
0
5
.6
2
6
.9
4
6
.9
4
6
.9
5
6
.9
6
6
.9
7
7
.1
3
7
.1
4
7
.1
4
7
.1
5
7
.1
6
7
.1
6
7
.2
6
 C
D
C
l3
2.902.922.942.962.983.003.023.043.063.08
δ [ppm]
0
.0
5
0
.9
5
-20-100102030405060708090100110120130140150160170180190200210220
δ [ppm]
2
7
.2
7
3
4
.3
2
3
5
.0
1
3
7
.8
7
3
9
.1
8
7
7
.1
6
 C
D
C
l3
1
2
1
.3
3
1
2
2
.0
0
1
2
9
.4
3
1
3
4
.2
0
1
3
9
.0
4
1
4
9
.3
0
1
7
7
.5
0
1
7
7
.8
7
CO2H
OPiv
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0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
δ [ppm]
3
.0
9
2
.0
0
2
.0
6
2
.0
1
1
.9
9
1
.9
5
2
.0
1
1
.8
9
1
.3
8
1
.3
9
1
.4
1
2
.3
7
2
.3
7
2
.3
8
2
.3
8
2
.3
9
2
.3
9
2
.4
0
2
.4
1
2
.4
1
2
.7
3
2
.7
4
2
.7
5
2
.7
7
3
.0
6
3
.0
6
3
.0
7
3
.0
8
3
.0
8
4
.3
5
4
.3
6
4
.3
8
4
.4
0
5
.5
2
5
.5
3
5
.5
3
5
.5
3
5
.5
5
5
.5
5
5
.5
5
5
.5
5
5
.5
6
5
.5
7
5
.5
7
5
.5
7
5
.5
9
5
.5
9
5
.6
1
5
.6
1
5
.6
2
5
.6
3
5
.6
3
5
.6
3
5
.6
5
5
.6
5
5
.6
6
7
.2
6
 C
D
C
l3
7
.3
4
7
.3
4
7
.3
4
7
.3
5
7
.3
5
7
.3
6
7
.8
6
7
.8
6
7
.8
6
7
.8
8
2.922.942.962.983.003.023.043.063.083.10
δ [ppm]
0
.0
6
0
.9
4
-20-100102030405060708090100110120130140150160170180190200210220
δ [ppm]
1
4
.4
6
3
4
.2
0
3
5
.4
1
3
7
.8
3
6
1
.0
8
7
7
.1
6
 C
D
C
l3
1
2
2
.1
1
1
2
7
.3
1
1
2
8
.4
2
1
2
9
.6
4
1
3
0
.6
2
1
3
3
.1
5
1
3
4
.0
2
1
4
1
.9
9
1
6
6
.9
7
1
7
8
.0
8
CO2H
CO2Et
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-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
δ [ppm]
1
.5
9
2
.1
6
2
.1
8
2
.2
9
1
.2
5
0
.9
1
1
.0
5
3
.3
4
2
.3
9
1
.7
0
1
.8
0
2
.3
2
2
.3
4
2
.3
6
2
.3
7
2
.6
8
2
.7
0
2
.7
2
2
.7
4
2
.7
6
2
.9
1
2
.9
3
3
.0
9
3
.1
1
5
.3
2
5
.3
4
5
.3
6
7
.1
7
7
.1
9
7
.2
0
7
.2
2
7
.2
6
7
.2
6
 C
D
C
l3
7
.2
8
7
.3
0
1.551.601.651.701.751.801.851.90
δ [ppm]
1
.0
0
1
.1
9
-100102030405060708090100110120130140150160170180190200210
δ [ppm]
1
6
.6
9
2
3
.5
9
3
3
.2
0
3
3
.6
0
3
4
.1
6
3
4
.3
2
3
4
.5
6
4
1
.5
3
7
7
.1
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X.X.	1H-NMR	and	13C-NMR	Spectra	(branched	carboxylic	acids)	
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X.X.	1H-NMR	and	13C-NMR	Spectra	(Lx)	
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4.1.	Introduction	
	
4.1.1.	Metal-catalyzed	carboxylation	of	sp2	C-X	and	C-H	bonds	
	
The	recent	years	have	witnessed	tremendous	progress	 in	the	field	of	metal	catalyzed	carboxylation	reactions	with	
CO2.
1
	Among	 these,	 catalytic	 reductive	 carboxylation	 of	 organic	 electrophiles	 are	 now	well	 established,	 providing	 a	
straightforward	strategy	for	the	preparation	of	high	value	carboxylic	acids	from	readily	available	precursors	(Scheme	
4.1,	 left).2	Although	 the	 reductive	 carboxylation	of	 electrophiles	offers	 significant	 advantages	over	 the	utilization	of	
highly	reactive	organometallic	reagents,	prefunctionalization	of	these	entities	is	still	required.	Recently,	considerable	
progress	has	been	observed	in	the	field	of	C–H	functionalization.
3
	Unlike	traditional	cross-coupling	technologies,	C–H	
functionalization	 allows	 the	 replacement	 of	 either	 the	 nucleophile	 or	 electrophile	 by	an	 in-situ	 generated	
organometallic	reagent.	This	approach	avoids	prefunctionalization,	a	priori	 increasing	tremendously	the	efficiency	of	
the	overall	process.
4
	Not	surprisingly,	the	success	experienced	by	these	transformations	has	also	found	some	echo	in	
carboxylation	reactions	(Scheme	4.1,	right),	undoubtedly	the	most	atom	and	step	economical	synthesis	of	carboxylic	
acids	from	CO2	and	C–H	bonds.	
	
	
	
Scheme	4.1.	sp
2
	C-M	and	C-X	carboxylation	reactions	versus	C-H	carboxylations.	
	
	
4.1.1.1.	Metal-catalyzed	carboxylation	of	acidic	sp2	C-H	bonds	
	
The	acidity	of	sp
2
	C-H	bonds	ranges	from	pKa	~ 25	for	some	electron-poor	heterocycles,	up	to	pKa	=	50	for	ethylene.	
Such	 a	 wide	 range	 of	 acidities	 suggests	 different	 activation	 modes	 are	 required	 depending	 on	 the	 acidity	 of	 the	
targeted	C-H	bond.	While	in	compounds	having	more	acidic	C-H	bonds	a	base-promoted	strategy	is	viable,	compounds	
having	less	acidic	C-H	bonds	might	require	the	utilization	of	directing	groups	for	the	reaction	to	occur.	In	2010,	Nolan	
reported	the	first	catalytic	carboxylation	of	acidic	sp
2
	C-H	bonds	in	different	heterocycles	and	polyhalogenated	arenes.	
The	reaction	proceeded	at	room	temperature,	using	highly	basic	conditions	and	[(IPr)AuOH]	as	catalyst		(Scheme	4.2,	
cond	 A).5	Shortly	 after,	 Nolan6	and	 Hou7	simultaneously	 reported	 an	 otherwise	 identical	 transformation	 using	 Cu(I)	
complexes	at	 slightly	higher	 reaction	 temperatures	 (Scheme	4.2,	cond	B	 and	bottom).	More	 recently,	Hou	 reported	
improved	 conditions	 for	 this	 transformation	 using	 a	 Cu-catalyst	 having	 a	 modified	 NHC	 ligand.
8
	Mechanistic	
investigations	 suggested	 that	 these	 transformations	 proceeded	 through	 the	 formation	 of	 either	 a	 copper	 or	 gold	
                                                
1
	For	selected	reviews:	(a)	Tortajada,	A.;	Juliá-Hernández,	F.;	Börjesson,	M.;	Moragas,	T.;	Martin,	R.	Angew.	Chem.	Int.	Ed.	2018,	57,	15948.	
(b)	Fujihara,	T.;	Tsuji,	Y.	Beilstein	J.	Org.	Chem.	2018,	14,	2435.	(c)	Liu,	Q.;	Wu,	L.;	Jackstell,	R.;	Beller,	M.	Nat.	Commun.	2015,	6,	5933.	
2
	For	selected	reviews:	(a)	Börjesson,	M.;	Moragas,	T.;	Gallego,	D.;	Martin,	R.	ACS	Catal.	2016,	6,	6739.	(b).	Chen,	Y-G.;	Xu,	X-T.;	Zhang,	K.;	Li,	
Y-Q.;	 Zhang,	 L-P.;	 Fang,	P.;	Mei,	T-S.	 Synthesis,	2018,	50,	 35–48.	For	 recent	 selected	publications:	 (a)	Charboneau,	D.	 J.;	Brudvig,	G.	W.;	
Hazari,	N.;	Lant,	H.	M.	C.;	Saydjari,	A.	K.	ACS	Catal.,	2019,	9,	3228.	(b)	Shimomaki,	K.;	Murata,	K.;	Martin,	R.;	Iwasawa,	N.	J.	Am.	Chem.	Soc.	
2017,	139,	9467.	(c).	Meng,	Q-Y.;	Wang,	S.;	B.	König,	B.	Angew.	Chem.	2017,	129,	13611;	Angew.	Chem.,	Int.	Ed.	2017,	56,	13426.	
3
	a)	W.	R.	Gutekunst,	P.	S.	Baran,	Chem.	Soc.	Rev,	2011,	40,	1976-1991.	b)	T.	W.	Lyons,	M.	S.	Sanford,	Chem.	Rev.	2010,	110,	1147–1169,	c)	
X.	Chen,	K.	M.	Engle,	D.	H.	Wang,	J.	–Q.	Yu,	Angew.	Chem.	2009,	121,	5196-5217;	Angew.	Chem.,	Int.	Ed.	2009,	48,	5094–5115.		
4
	For	selected	reviews:	(a)	Lou,	J.;	Larrosa,	I.	ChemSusChem,	2017,	10,	3317;	(b)	Hong,	J.;	Li,	M.;	Zhang,	J.;	Sun,	B.;	Mo,	F.;	ChemSusChem,	
2019,	12,	6;	(c)	Manjolinho,	F.;	Arndt,	M.;	Gooßen,	K.;	Gooßen,	L.	J.	ACS	Catal,	2012,	2,	2014.	
5
	I.	I.	F.	Boogaerts,	S.	P.	Nolan,	J.	Am.	Chem.	Soc.	2010,	132,	8858–8859.		b)	L.	Ackermann,	Angew.	Chemie	-	Int.	Ed.	2011,	50,	3842–3844.	
6
	I.	I.	F.	Boogaerts,	G.	C.	Fortman,	M.	R.	L.	Furst,	C.	S.	J.	Cazin,	S.	P.	Nolan,	Angew.	Chemie	-	Int.	Ed.	2010,	49,	8674–8677.	
7
	L.	Zhang,	J.	Cheng,	T.	Ohishi,	Z.	Hou,	Angew.	Chemie	-	Int.	Ed.	2010,	49,	8670–8673.	
8
	H.	Inomata,	K.	Ogata,	S.	I.	Fukuzawa,	Z.	Hou,	Org.	Lett.	2012,	14,	3986–3989.	
M / X CO2H H
X = I, Br, Cl, OR …
mild reaction conditions
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hydroxides/alkoxides	 (XX),	which	 triggers	 the	deprotometalation	of	 the	 (hetero)arene	C-H	 linkage	 (Scheme	X.X,	 top	
right).	Subsequent	CO2	insertion	into	the	carbon-metal	bond	leads	to	the	formation	of	corresponding	carboxylate	XX,	
which	in	presence	of	the	base	regenerates	the	catalytically	competent	species.	However,	DFT	studies	by	Ahlquist	and	
Wendt	argued	against	this	proposal,	leaving	some	doubt	whether	CO2	insertion	could	occur	into	a	Au-C	bond,	due	to	
the	poor	nucleophilicity	exhibited	by	this	complex
	9
.	In	a	similar	manner,	Yates	suggested	an	alternative	mechanism	in	
which	a	more	reactive	carbene	intermediate	XX	would	undergo	nucleophilic	attack	to	carbon	dioxide	to	form	copper	
carboxylate	XX.
10
	 
	
	
Scheme	4.2.	Au-	and	Cu-catalyzed	carboxylation	of	acidic	sp
2
	C-H	bonds.	
	
4.1.1.2.	Directed	metal-catalyzed	carboxylation	of	sp2	C-H	bonds	
	
Fujiwara	and	coworkers	described	 the	 first	carboxylation	of	 less-acidic	 sp
2
	C-H	bonds	 in	1984	 (Scheme	4.3,	 top).11	
They	discovered	that	Pd(OAc)2	reacted	in	a	stoichiometric	manner	with	different	aromatic	compounds	in	the	presence	
of	CO2	to	afford	the	corresponding	carboxylic	acids	in	moderate	yields.	Interestingly,	they	found	that	the	addition	of	
tert-butyl	hydroperoxide	(tBuOOH)	increased	the	yield	of	the	reaction	affording	catalyst	turnover	(TON	~	1.3)	for	the	
first	time	on	an	sp
2
	C-H	carboxylation	reaction.	In	2013,	Iwasawa	demonstrated	that	chelation	control	could	be	used	
as	an	effective	strategy	to	increase	the	efficiency	of	this	Pd-catalyzed	carboxylation	on	less-acidic	sp
2
	C-H	(Scheme	4.3,	
cond	 A).	12	In	 this	 manner,	 2-hydroxystyrenes	 could	 be	 transformed	 into	 α,β-unsaturated	 lactones	 using	 catalytic	
amount	of	palladium	acetate	and	an	excess	of	cesium	carbonate	as	base.	According	to	the	reaction	intermediates	that	
could	be	isolated,	the	mechanism	proceeds	through	the	formation	of	a	six-membered	alkenyl	palladium	complex,	 in	
which	a	second	molecule	of	2-hydroxystyrene	acts	as	ligand	enabling	CO2	insertion	into	the	Pd-C	bond	(XX).	Recently,	
Li	 reported	 the	 related	 carboxylation	of	 2-arylphenols	using	Rh-catalysis	 (Scheme	4.3,	cond	B).	 Importantly,	 several	
heterocycles	 including	 furans,	 thiophenes	 and	 pyrroles	 (xc)	 were	 also	 efficiently	 carboxylated	 using	 this	method.
13
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These	reaction	conditions	were	later	applied	for	the	carboxylation	of	other	related	heterocycles.
14
	
	
	
Scheme	4.3.	First	sp
2
	C-H	carboxylation,	and	Pd-,	Rh-catalyzed	C(sp
2
)-H	carboxylations	of	phenol	derivatives.	
	
As	for	the	previous	phenol-directed	sp
2
	C-H	carboxylation	reactions,	benzamides	and	benzyl	alcohols	have	also	been	
used	 as	 directing	 groups	 to	 facilitate	 C-H	 functionalization,	 thus	 affording	 the	 corresponding	 phthalimides	 and	
phthalides	 (Scheme	4.4).
15
	Although	 the	 reported	procedures	used	harsh	 reaction	 conditions	and	excess	amount	of	
two	different	bases,	 these	approaches	gave	direct	access	to	two	biologically	 relevant	scaffolds	 in	a	single-step	from	
CO2.	Importantly,	DFT	calculations	supported	a	concerted-metalation-deprotonation	(CMD)	as	the	mechanism	for	the	
C-H	 activation	 step.	 Additionally,	 these	 calculations	 also	 suggested	 the	 formation	 of	 hemicarbonates	 through	 the	
reversible	reaction	between	LiOtBu	with	CO2,	thus	explaining	the	required	excess	of	base.	
	
	
	
Scheme	4.4.	Pd-catalyzed	C(sp
2
)-H	carboxylation	of	benzamides	and	benzyl	alcohols.	
	
Although	considerable	progress	has	been	observed	in	directed	Pd-catalyzed	sp
2
	C-H	carboxylation	reactions,	the	first	
catalytic	contribution	was	developed	using	Rhodium	(Scheme	4.5).
16
	Specifically,	Iwasawa	demonstrated	in	2011	that	
the	combination	of	a	Rh(I)	precatalyst	and	AlMe2OMe	could	be	used	to	promote	the	carboxylation	of	2-pyridyl	and	2-
pyrazoyl	arenes	under	atmospheric	pressure	of	CO2.	The	proposed	catalytic	cycle	starts	with	the	formation	of	LnRh(I)-
Me	species	XX	 via	 in-situ	 tranmetalation	of	 the	Rh-precatalyst	with	AlMe2(OMe).	Subsequent	nitrogen	coordination	
facilitates	 oxidative	 addition	 into	 the	 sp
2
	 C-H	 bond,	 forming	 Rh(III)-chelate	 XX.	 This	 intermediate	 undergoes	 facile	
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reductive	 elimination	 releasing	methane	while	 forming	 Rh(I)	metallacycle	XX.	 Final	 CO2	 insertion	 into	 the	 sp
2
	 C-Rh	
bond	 and	 metathesis	 with	 AlMe2(OMe)	 regenerates	 the	 active	 Rh-species	 while	 delivering	 the	 final	 aluminium	
carboxylate	 XX.	 Using	 this	 strategy,	 Ma	 reported	 the	 direct	 functionalization	 of	 aromatic	 rings	 in	 metal	 organic	
framework	(MOF)	to	modulate	their	properties.
17
	
	
	
Scheme	4.5.	Directed	Rh-catalyzed	carboxylation	with	CO2.	
	
	
4.1.1.3.	Non-directed	metal-catalyzed	carboxylation	of	sp2	C-H	bonds	
	
Although	the	utilization	of	directing	groups	as	a	strategy	to	enable	sp
2
	C-H	carboxylation	represented	a	considerable	
step	forward,	this	field	should	ideally	aim	towards	the	utilization	of	removable	directing	groups	or	even	no	directing	
groups	at	all.	Recently,	 Iwasawa	made	a	significant	contribution	towards	the	realization	of	this	concept	describing	a	
non-directed	 Rh-catalyzed	 carboxylation	 of	 aromatic	 compounds	 (Scheme	 4.6).
18
	As	 in	 his	 previous	 report,	 the	
utilization	of	a	methy	aluminum	organometallic	 reagent	and	a	bidentate	phosphine	 ligand	were	essential	 to	obtain	
decent	 catalyst	 turnover	 (TON).	 Modest	 to	 excellent	 site-selectivities	 were	 observed	 for	 a	 range	 of	 aromatic	
compounds,	 which	 had	 to	 be	 used	 as	 reaction	 solvents.	 Finally,	 mechanistic	 investigations	 suggested	 this	
transformation	 occurred	 through	 the	 previously	 described	 pathway,	 with	 a	 LnRh(I)-Me	 complex	 triggering	 a	 non-
directed	oxidative	addition	into	the	C-H	bond.
19
	
	
	
	
Scheme	4.6.	Non-directed	Rh-catalyzed	carboxylation	with	CO2.	
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4.1.2.	1,4-Metal	migrations	as	a	strategy	for	sp2	C-H	functionalization	
	
Transition	 metal	 catalyzed	 C-H	 functionalization	 reactions	 are	 very	 powerful	 tools	 in	 modern	 organic	 synthesis.
3
	
Among	 the	 different	 strategies	 to	 achieve	 C-H	 functionalization,	 1,4-metal	 migrations	 are	 particular	 appealing	
considering	 many	 of	 these	 processes	 occur	 under	 relatively	 mild	 reaction	 conditions.	
20,21,22,23
	Additionally,	 these	
migrations	often	enable	 the	 formation	of	otherwise	 inaccessible	carbon-metal	 species,	allowing	 for	 the	synthesis	of	
complex	organic	structures.	Indeed,	as	expected	from	C-H	functionalizations,	most	of	the	reported	1,4-migrations	are	
Rh-	or	Pd-	catalyzed	processes.
20,21
	In	2013,	Ishii	published	a	detailed	mechanistic	study	on	1,4-Rh	migrations.	It	was	
found	that	Rh-complex	[Cp*Rh(C6H4Me-m)(PMe3)]	(XX)	reacted	with	PhC≡CMe	in		the	presence	of	NaBArF4	to	afford	
complex	XX	 in	 high	 yield	 (Scheme	 4.7,	 top).20d	 Interestingly,	 both	 NMR	 and	 X-ray	 diffraction	 studies	 indicated	 the	
existence	of	 a	Rh-(vinyl	C-H)	 agostic	 interaction	 in	XX,	 thus	 suggesting	 this	 interaction	 could	also	be	present	 in	XX.	
Indeed	the	high-field	shift	of	the	ortho	C-H	groups	in	XX	suggested	the	presence	of	an	agostic	interaction	between	the	
Rh	 atom	and	 these	C-H	 groups.	 Based	on	 this	 observation	 and	 the	 energetically	 unfavorable	 formation	of	 a	 Rh(V)-
hydride	 oxidative	 addition	 intermediate,	 a	 1,4-Rh	 migration	 through	 σ-complex	 assisted	 metathesis	 (σ-CAM)	 was	
proposed	 as	 the	 mechanistic	 pathway.
24
	In	 2000,	 Larock	 reported	 a	 novel	 Pd-catalyzed	 annulation	 process	 of	
iodobenzene	 and	 PhC≡CPh,	 in	 which	 a	 1,4-Pd	 migration	 explained	 the	 formation	 of	 fluorene	 XX	 (Scheme	 4.7,	
bottom).21d,e	 Oxidative	 addition	 of	 XX	 to	 an	 ortho-C-H	 bond	 followed	 by	 subsequent	 reductive	 elimination	 from	
intermediate	XX,	was	proposed	as	the	mechanism	enabling	1,4-Pd	migration.	While	these	findings	opened	the	door	
for	 the	 development	 of	 new	 1,4-Pd	migration	 reactions,
21
	 the	 detailed	mechanistic	 study	 reported	 by	 Ishii	 was	 an	
important	contribution	for	the	understanding	of	Rh-migrations.
20
	
	
	
	
Scheme	4.7.	Important	Rh-	and	Pd-1,4	migrations.	
	
Although	Rh	and	Pd	have	demonstrated	to	be	privileged	transition	metal	for	this	chemistry,	significant	progress	has	
also	recently	been	observed	through	the	utilization	of	Ir-	and	Co-catalysis.
22,23
	Surprisingly	however,	1,4-Ni	migrations	
remain	largely	unexplored.	Indeed,	taking	a	close	look	into	the	literature	revealed	the	existence	of	only	one	precedent	
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	For	selected	examples	of	1,4-Rhodium	migration,	see:	a)	K.	Oguma,	M.	Miura,	T.	Satoh,	M.	Nomura,	J.	Am.	Chem.	Soc.	2000,	122,	10464.	
b)	R.	Shintani,	K.	Okamoto,	T.	Hayashi,	J.	Am.	Chem.	Soc.	2005,	127,	2872.	c)	T.	Matsuda,	Y.	Suda,	A.	Takahashi,	Chem.	Commun.	2012,	48,	
2988.	d)	Y.	Ikeda,	K.	Takano,	S.	Kodama,	Y.	Ishii,	Chem.	Commun.	2013,	49,	11104-11106.	e)		
21
	For	 selected	examples	of	1,4-Palladium	migration,	 see:	a)	G.	Dyker,	Angew.	Chem.	 Int.	 Ed.	1992,	31,	 1023.	b)	G.	Dyker,	 J.	Org.	Chem.	
1993,	58,	6426.	c)	L.	Wang,	Y.	Pan,	X.	Jiang,	H.	Hu,	Tetrahedron	Lett.	2000,	41,	725.	d)	Q.	Tian,	R.	C.	Larock,	Org.	Lett.	2000,	2,	3329-3332.	e)	
C.	R.	Larock,	Q.	Tian,	 J.	Org.	Chem.	2001,	66,	7372.	 f)	T.	Piou,	A.	Bunescu,	Q.	Wang,	L.	Neuville,	 J.	Zhu,	Angew.	Chem.	 Int.	Ed.	2013,	52,	
12385.	g)	J.	Pan,	M.	Su,	L.	S.	Buchwald,	Angew.	Chem.	Int.	Ed.	2011,	50,	8647.	
22
	For	an	example	of	1,4-Ir	migration:	M.	B.	Partridge,	S.	J.	González,	W.	H.	Lam,	J.	Am.	Chem.	Soc.	2014,	53,	1.	
23
	For	 two	examples	of	1,4-Cobalt	migration,	 see:	a)	H.-B.	Tan,	 J.	Dong,	N.	Yoshikai,	Angew.	Chem.	 Int.	Ed.	2012,	51,	9610.	b)	B.	Wu,	N.	
Yoshikai,	Angew.	Chem.	Int.	Ed.	2013,	52,	10496.	
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describing	an	sp
2
-sp
2
	1,4-Ni	migration	 in	a	dinuclear	Ni(I)	biaryl	complex	 (Scheme	4.8).
25
	In	2007,	 Johnson	and	Keen	
prepared	dinuclear	nickel	biaryl	complex	XX,	which	was	thermally	unstable	and	isomerized	to	XX	at	room	temperature	
over	 48	 hours.	 It	 was	 proposed	 that	 Ni-Ni	 homolytic	 and	 reversible	 bond	 cleavage	 would	 form	 dinuclear	 Ni(I)	
intermediate	 XX	 in	 which	 two	 ortho-C-H	 agostic	 interactions	 can	 be	 established,	 resulting	 in	 a	 four-coordinate	
environment	 about	 the	 Ni(I)	 centers.	While	 1,4-migration	 of	 Nib	 to	 Ha	 would	 result	 in	 the	 formation	 of	XX-2,	 1,4-
migration	of	Nia	to	Ha,	or	Nib	to	Hb	would	form	XX-1.	Indeed,	the	observation	of	2	equiv	of	intermediate	XX-1	for	every	
equivalent	 of	 XX-2	 at	 early	 stages	 in	 the	 isomerization	 implied	 both	 complexes	 shared	 common	 intermediate	XX.	
Unfortunately,	 attempts	 to	 identify	 a	 Ni-hydride	 species	 in	 this	 process	 through	 NMR	 measurements	 were	
unsuccessful.	 Although	 no	 catalytic	 process	 could	 be	 subsequently	 derived	 from	 this	 mechanistic	 study,	 this	
contribution	evidenced	the	potential	of	Nickel	to	enable	1,4-migrations.	
	
	
	
Scheme	4.8.	Stoichiometric	sp
2
-sp
2
	1,4-Nickel	migration.	
	
4.2.	General	Objective	of	the	Project		
	
As	observed	in	the	previous	section,	most	1,4-metal	migrations	are	Rh	or	Pd	catalyzed	processes	(Scheme	4.9,	path	
a).	 However,	 the	 utilization	 of	 Ni-catalysis	 as	 compared	 to	 these	 precious	 transition	 metals	 would	 result	 in	
considerably	cheaper	processes	while	still	allowing	the	same	pathway	for	C-H	functionalization	(Scheme	4.9,	path	b).	
Although	some	groups	have	already	attempted	catalytic	1,4-Ni	migrations	unsuccessfully,
26
	this	should	by	no	means	
imply	that	these	processes	are	unachievable;	as	the	utilization	of	specific	reaction	conditions	might	be	required.	
	
	
	
Scheme	4.9.	Common	transition	metal	1,4-migrations	versus	Nickel	1,4-migration.	
	
Metal-catalyzed	 cyclization	 reactions	 provide	 easy	 access	 to	 molecular	 complexity	 through	 the	 rapid	 buildup	 of	
densely	functionalized	(hetero)cylic	scaffolds.	In	this	context,	Ir-	and	Pd-catalyzed	cyclizations	have	been	successfully	
coupled	with	1,4-metal	migrations,	promoting	the	direct	functionalization	of	otherwise	inaccessible	C-H	bonds.
22,21d,f
	
                                                
25
	For	a	stoichiometric	1,4-Nickel	migration,	see:	a)	A.	L.	Keen,	S.	A.	 Johnson,	 J.	Am.	Chem.	Soc.	2006,	128,	1806-1807.	b)	L.	A.	Keen,	M.	
Doster,	A.	S.	Johnson,	J.	Am.	Chem.	Soc.	2007,	129,	810-819.	
26
	C.	Clarke,	C.	A.	Incerti-Pradillos,	H.	W.	Lam,	J.	Am.	Chem.	Soc.	2016,	138,	8068-8071. 
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In	 2015,	 our	 group	 published	 a	 divergent	 Ni-catalyzed	 cyclization/carboxylation	 of	 unactivated	 alkyl	 bromides	
affording	polycyclic	vinyl	carboxylic	acids	from	CO2	(chapter	1).
27
	Inspired	by	these	results,	we	wondered	whether	a	Ni-
catalyst	could	trigger	cyclization,	followed	by	vinyl	to	aryl	1,4-nickel	migration	and	final	carboxylation	of	this	position	
with	CO2	 (Scheme	4.10).	 If	 successful,	 this	process	would	 represent	a	new	and	mild	 strategy	 to	perform	an	sp
2
	C-H	
carboxylation,	 while	 providing	 access	 to	 densely	 functionalized	 (hetero)cyclic	 carboxylic	 acids	 in	 a	 single	 step.	
Additionally,	 the	 successful	 development	 of	 this	 technology	 would	 represent	 the	 first	 catalytic	 sp
2
	 C-H	
functionalization	 through	 1,4-Nickel	 migration,	 thus	 creating	 ample	 opportunities	 for	 the	 development	 of	 new	
transformations.	
	
	
	
Scheme	4.10.	Design	principle	for	our	catalytic	sp
2
	C-H	carboxylation	via	1,4-Nickel	migration.	
	
4.3.	Catalytic	sp2	C-H	Carboxylation	via	1,4-Nickel	Migration	
	
4.3.1.	Optimization	of	the	reaction	conditions	
	
We	 started	 our	 investigations	 with	 model	 substrate	 XX.	 Upon	 exposure	 of	 XX	 to	 previously	 developed	 nickel-
catalyzed	 reductive	 carboxylation	 conditions,
28
	we	 found	 that	 the	 product	 resulting	 from	 vinyl	 to	 aryl	 1,4-nickel	
migration	 could	 be	 obtained	 in	 a	 39%	 yield	 (Scheme	 4.11).	 X-ray	 crystallography	 unequivocally	 determined	 the	
formation	of	2a	containing	an	E-configured	double	bond	expected	from	1,4-metal	migration.	In	line	with	our	previous	
investigations,
27
	 the	 product	 resulting	 from	 the	 carboxylation	 of	 the	 vinyl	 position	 was	 also	 formed	 in	 an	 almost	
identical	amount,	thus	suggesting	that	shifting	the	selectivity	towards	the	formation	of	2a	was	going	to	be	an	arduous	
challenge	 (Scheme	4.11).	 Luckily	 however,	 X-ray	 crystallography	of	2a’	 showed	 that	 the	major	 vinyl	 carboxylic	 acid	
isomer	was	 the	one	 resulting	 from	formal	anti-isomerization/carboxylation,	 thus	 indicating	 that	 the	 formed	vinyl-Ni	
species	had	the	right	configuration	to	promote	a	subsequent	1,4-migration	into	a	C(sp
2
)-H	bond.	Hypothetically,	these	
results	 indicated	 that	 if	 the	 key	 factors	 controlling	 1,4-migration	 versus	 ipso-carboxylation	 could	 be	 determined,	 a	
process	 that	would	 allow	 the	 selective	 formation	 of	2a	 could	 be	 developed.	 In	 this	manner,	 the	 highly	 challenging	
chromatographic	separation	of	2a	and	2a’	to	afford	pure	carboxylic	acids	would	be	avoided,	while	obtaining	a	deeper	
understanding	of	the	factors	controlling	1,4-nickel	migration.	
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	X.	Wang,	Y.	Liu,	R.	Martin,	J.	Am.	Chem.	Soc.	2015,	137,	6476-6479.	
28
	a)	Y.	Liu,	 J.	Cornella,	R.	Martin,	 J.	Am.	Chem.	Soc.	2014,	136,	11212-11215.	b)	X.	Wang,	Y.	Liu,	R.	Martin,	 J.	Am.	Chem.	Soc.	2015,	137,	
6476-6479.	
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Reaction	conditions:	X	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·diglyme	(10	mol%),	LX	(24	mol%),	Mn	(0.44	mmol),	DMF	(1.0	mL),	rt,	12	h.	
a
	qNMR	
conversion,	 yield	 and	 selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	 internal	 standard.	β-hydride	elimination	of	 the	alkyl	
bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.		
	
Scheme	4.11.	Initial	results	and	ORTEP	structures	of	2a	and	2a’.	
	
Having	promising	preliminary	results	for	the	formation	of	2a,	we	decided	to	investigate	the	effect	of	the	ligand	steric	
and	electronic	properties	on	the	selectivity	by	evaluating	a	range	of	phenanthroline	and	bipyridine	 ligands	 (Scheme	
4.12).	In	contrast	to	all	the	previous	Ni-catalyzed	reductive	carboxylation	reactions,	high	overall	yields	of	carboxylated	
products	were	observed	regardless	of	the	ligand	utilized.	However,	the	choice	of	the	ligand	did	have	an	influence	on	
the	product	distribution,	indicating	that	the	selectivity	could	be	effectively	modulated	via	ligand	design.	Importantly,	
we	discovered	that	unsubstituted	phenanthroline	or	bipyridine	afforded	negligible	formation	of	2a	(Lx),	or	complete	
selectivity	 switch	 to	 2a’	 (Lx),	 thus	 indicating	 that	 the	 inclusion	 of	 ortho-substituents	 was	 critical	 to	 enable	 1,4-
migration.	Indeed	these	ortho-substituents	should	have	a	direct	impact	on	the	coordination	geometry	adopted	by	the	
putative	 vinyl-Ni	 intermediates,	 thus	 enabling	 alternative	 reaction	 pathways.	 Additionally,	 we	 found	 out	 that	
phenanthroline	 ligands	 having	 one	 alkyl	 substituent	 were	 slightly	 superior	 to	 phenanthrolines	 having	 two	 alkyl	
substituents	 (LX-LX	 vs	 LX-LX).	 A	 similar	 trend	was	 found	 for	 bipyridine	 ligands	 (LX-LX	 vs	 LX).	 Finally,	 by	 employing	
different	mono-substituted	bipyridine	 ligands	we	could	determine	 that	 increasing	 the	 steric	bulk	around	 the	ortho-
substituent	was	detrimental	for	the	selectivity	of	the	reaction	(LX-LX).	Although	none	of	the	tested	phenanthroline	or	
bipyridies	were	 clearly	 superior	 to	 all	 others,	we	 decided	 to	 continue	 our	 investigation	 using	 LX	 as	 it	 afforded	 the	
highest	overall	yield	and	selectivity	while	being	the	simplest	and	most	diversifiable	scaffold.		
	
	
	
Reaction	conditions:	X	(0.2	mmol),	CO2	(1	atm),	NiBr2·diglyme	(10	mol%),	LX-LX	(24	mol%),	Mn	(0.44	mmol),	DMF	(1.0	mL),	rt,	12	h.	
a
	qNMR	
conversion,	 yield	 and	 selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	 internal	 standard.	β-hydride	elimination	of	 the	alkyl	
bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.		
	
Scheme	4.12.	Initial	screening	of	phenanthroline	and	bipyridine	lingands.	
	
Having	observed	that	both	ortho-substituted	phenanthroline	and	bipyridine	ligands	promoted	the	formation	of	2a,	
we	decided	to	investigate	whether	other	pyridine-based	scaffolds	could	be	used	for	the	same	purpose	(Scheme	4.13).	
Disappointingly,	however,	none	of	the	tested	terpyridines	(LX-LX),	quaterpyridines	(LX),	pyridine-bis(oxazoline)	(LX)	or	
pyridine-oxazoline	 (LX-LX)	 afforded	 even	 traces	 of	 the	 desired	 1,4-migration	 product	 2a.	 While	 the	 use	 of	 tri-	 or	
tetradentate	 ligands	 would	 result	 in	 fully	 coordinated	 vinyl-Ni	 intermediate,	 lacking	 a	 vacant	 coordination	 site	 to	
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enable	1,4-hydride	migration,	the	tested	pyridine-oxazoline	ligands	might	not	lead	to	the	formation	of	vinyl-Ni	species	
with	the	appropriate	geometry	to	undergo	1,4-migration.	However,	these	ligands	did	afford	variable	amounts	of	2a’,	
thus	 indicating	 that	 these	 scaffolds	 are	 still	 suitable	 for	 carboxylation.	 Importantly,	 a	 phenanthroline	 ligand	 with	
phenyl	ortho-substitution	(LX)	did	afford	the	formation	of	2a	although	in	low	selectivity.	While	other	related	pyridine-
based	ligands	afforded	similar	results,	phosphine	ligands	afforded	negligible	conversion	of	1a.	
	
	
	
Reaction	conditions:	X	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·diglyme	(10	mol%),	LX	 (15	or	24	mol%),	Mn	(0.44	mmol),	DMF	(1.0	mL),	rt,	12	h.	
a
	
qNMR	conversion,	yield	and	selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	internal	standard.	β-hydride	elimination	of	the	
alkyl	bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.	
	
Scheme	4.13.	Initial	screening	of	terpyridine,	quaterpyridine	and	pyridine-oxazoline	lingands.	
	
Having	 realized	 that	 the	 formation	 of	 2a	 was	 limited	 to	 the	 utilization	 of	 ortho-substituted	 phenanthroline	 or	
bipyridine	ligands,	we	decided	to	systematically	investigate	whether	the	electronic	properties	of	the	ligand	could	have	
an	impact	on	the	selectivity	of	the	reaction.	For	this	purpose,	we	decided	to	synthetize	some	bipyridine	ligands	having	
different	para-substituents	and	the	basic	core	structure	of	Lx	 (Scheme	4.14).	As	we	had	previously	observed,	all	the	
tested	bipyridine	 ligands	afforded	high	overall	 yield	of	 carboxylated	products	2a	 and	2a’.	 Surprisingly,	however,	we	
could	 establish	 the	 existence	 of	 a	 direct	 correlation	 between	 the	2a:2a’	 ratio	 and	 the	 electronic	 properties	 of	 the	
ligand	used.	In	this	manner,	more	electron	withdrawing	ligands	scaffold	favored	the	formation	of	2a	versus	2a’	(LX	to	
LX).	 Although	 no	 improvement	 of	 the	 reaction	 selectivity	 could	 be	 achieved,	 these	 results	 suggested	 that	 ligand	
modulation	through	the	inclusion	of	electron-withdrawing	substituents	should	provide	higher	selectivity	towards	2a.	
Nevertheless,	 before	 starting	 the	 synthesis	 of	 new	 bipyridine	 ligands,	 we	 decided	 to	 evaluate	 the	 rest	 of	 reaction	
parameters	to	get	a	deeper	understanding	of	their	influence	on	the	reaction	selectivity.		
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Reaction	conditions:	X	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·diglyme	(10	mol%),	LX	 (24	mol%),	Mn	(0.44	mmol),	DMF	(1.0	mL),	rt,	12	h.
a
	qNMR	
conversion,	 yield	 and	 selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	 internal	 standard.	β-hydride	elimination	of	 the	alkyl	
bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.	
	
Scheme	4.14.	Effect	of	the	electronic	properties	of	the	ligand	on	the	selectivity.	
	
First	we	decided	to	investigate	the	effect	of	the	temperature	on	the	reaction	selectivity	(Table	4.1).	We	discovered	
that	the	carboxylation	still	proceeded	at	low	temperatures,	but	a	selectivity	switch	to	2a’	was	observed	(entries	1-3).	
As	expected,	these	results	demonstrated	the	existence	of	an	energetic	barrier	that	prevented	the	1,4-nickel	migration	
pathway	 from	 occurring	 at	 low	 temperatures.	 However,	 the	 selectivity	 of	 the	 reaction	 did	 not	 improve	 further	 at	
higher	 temperatures	 (entries	 5-7),	 thus	 indicating	 that	 room	 temperature	 provided	 the	 best	 compromise	 from	 a	
selectivity	standpoint	(entry	4).	In	addition,	it	is	worth	noting	that	the	highest	overall	yield	was	also	achieved	at	room	
temperature,	indicating	that	decomposition	pathways	might	be	favored	at	higher	temperatures.	
	
	
	
Entry	 Temperature	(ºC)	 Conv	(%)a	 Yield	2a	(%)a	 Yield	2a'	(%)a		 2a:2a'	
1	 0	 100	 10	 87	 10:90	
2	 10	 100	 34	 58	 37:63	
3	 20	 100	 54	 31	 64:36	
4	 rt	(26)	 100	 60	 27	 69:31	
5	 30	 100	 58	 26	 69:31	
6	 40	 100	 48	 23	 67:33	
7	 50	 100	 46	 23	 67:33	
	
Reaction	conditions:	X	(0.2	mmol),	CO2	(1	atm),	NiBr2·diglyme	(10	mol%),	LX	(24	mol%),	Mn	(0.44	mmol),	DMF	(1.0	mL),	temperature	(ºC),	
12	h.	
a
	qNMR	conversion,	yield	and	selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	internal	standard.	β-hydride	elimination	
of	the	alkyl	bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.	
	
Table	4.1.	Screening	of	reaction	temperature.	
	
Realizing	 that	 a	 dramatic	 improvement	 of	 the	 selectivity	 could	 not	 be	 achieved	 via	 temperature	modulation,	we	
decided	 to	 investigate	 the	 influence	 of	 other	 reaction	 parameters	 such	 as	 additives	 or	 solvents	 (Table	 4.2).	 We	
investigated	whether	the	utilization	of	additives	commonly	employed	in	carboxylation	chemistry	could	have	an	impact	
on	 the	 reaction	 selectivity.	While	 the	 utilization	 of	 bromide	 additives	 such	 as	 nBu4NBr	 did	 not	 have	 an	 important	
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effect	on	the	reaction	selectivity	(entry	2),	chloride-based	Lewis	acids	gave	lower	yields	and	preferential	formation	of	
2a’	 (entries	 3-4).	 Although	 these	 results	 were	 disappointing,	 they	 also	 evidenced	 the	 important	 role	 of	 the	
counteranion	 in	 the	 1,4-migration	 event.	 These	 results	were	 rationalized	 considering	 the	 fact	 that	many	 1,4-metal	
migrations	typically	occur	through	the	 intermediacy	of	cationic	metal	complexes	 in	which	the	binding	affinity	of	the	
counteranion	plays	a	 crucial	 role	on	 their	 formation.
29
	Although	 tentative,	we	hypothesized	 that	 the	higher	binding	
affinity	of	 the	chloride	anion	as	compared	to	bromide	might	slow	down	the	 formation	of	 these	 intermediates,	 thus	
disfavoring	1,4-nickel	migration.	Considering	the	fact	that	amide-based	coordinating	solvents	are	known	to	facilitate	
the	formation	of	Ni-cationic	intermediates,	particularly	in	the	context	of	CO2	carboxylation	reaction	of	aryl	halides,
30
	
we	decided	to	test	different	solvents	to	see	if	they	could	have	an	influence	on	the	reaction	selectivity.	Disappointingly,	
however,	no	further	improvement	was	observed	(entries	5-8).		
	
	
Entry	
Deviation	from	standard	
conditions	
Conv	(%)
a
	 Yield	2a	(%)
a
	 Yield	2a'	(%)
a
		 2a:2a'	
1	 none	 100	 60	 27	 69:31	
2	 nBu4NBr	(1.0	equiv)	as	additive	 100	 48	 22	 68:32	
3	 LiCl	(1.0	equiv)	as	additive	 100	 22	 22	 50:50	
4	 MgCl2	(1.0	equiv)	as	additive	 100	 14	 16	 47:53	
5	 DMA	instead	of	DMF	 100	 54	 28	 66:34	
6	 NMP	instead	of	DMF	 100	 60	 28	 68:32	
7	 DMSO	instead	of	DMF	 58	 31	 17	 33:66	
8	 0.25	ml	of	DMF	instead	of	1.0	ml	 100	 53	 28	 65:35	
	
Reaction	conditions:	X	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·diglyme	(10	mol%),	LX	(24	mol%),	Mn	(0.44	mmol),	DMF	(1.0	mL),	rt,	12	h.	
a
	qNMR	
conversion,	 yield	 and	 selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	 internal	 standard.	β-hydride	elimination	of	 the	alkyl	
bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.	
	
Table	4.2.	Screening	of	additives	and	solvents.	
	
Acknowledging	 that	 many	 deviations	 from	 the	 standard	 reaction	 conditions	 still	 provided	 a	 high	 overall	 yield	 of	
carboxylated	products,	we	decided	to	test	different	metallic	and	organic	reductants	hoping	that	CO2	insertion	would	
still	occur	to	a	large	extent	(Table	4.3).	Gladly,	the	formation	of	2a	and	2a’	occurred	in	the	presence	of	Zn	(entry	2),	
TDAE	(entry	3)	or	Mg	(entry	8);	more	 importantly,	we	discovered	that	the	utilization	of	a	MnCr	alloy	(Mn:89,	Cr:11)	
developed	 by	 professor	 Berkessel	 for	 the	 simplification	 of	 Nozaki-Kishi-Hiyama	 reactions,
31
	improved,	 for	 the	 first	
time,	the	selectivity	towards	2a	while	maintaining	a	high	overall	carboxylation	yield	(entry	4	vs	entry	1).	Although	the	
exact	 role	of	 this	MnCr	alloy	 still	 remains	unclear,	we	decided	 to	keep	employing	 this	 reductant	 in	our	 subsequent	
optimization	studies	considering	that	this	was	the	first	time	we	had	successfully	improved	the	selectivity.		
	
	
                                                
29
	For	a	detailed	mechanistic	study	on	Rh-	and	Ir-	catalyzed	1,4-migration	through	the	intermediacy	of	cationic	complexes	see:	Y.	Ikeda,	K.	
Takano,	M.	Waragai,	 S.	 Kodama,	 N.	 Tsuchida,	 K.	 Takano,	 Y.	 Ishii,	Organometallics	 2014,	 33,	 2142-2145.	 For	 selected	 examples	 of	 1,4-
migration	through	the	intermediacy	of	cationic	complexes	see:	a)	
30
	K.	Osakada,	R.	Sato,	T.	Yamamoto,	Organometallics	1994,	13,	4645-4647	
31
	W.	Harnying,	A.	Berkessel,	Chem.	Eur.	J.	2015,	21,	1–6	
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Entry	 Reductant	 Conv	(%)
a
	 Yield	2a	(%)
a
	 Yield	2a'	(%)
a
		 2a:2a'	
1	 Mn	 100	 58	 27	 69:31	
2	 Zn	 100	 20	 22	 45:55	
3	 TDAE	 100	 5	 22	 19:81	
4	 MnCr	alloy	(Mn:89,	Cr:11),		 100	 70	 16	 81:19	
5	 Al	 0	 -	 -	 -	
6	 In	 0	 -	 -	 -	
7	 Fe	 0	 -	 -	 -	
8	 Mg	 100	 7	 5	 58:42	
9	 Cr	 0	 -	 -	 -	
	
Reaction	conditions:	X	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·diglyme	(10	mol%),	LX	 (24	mol%),	 reductant	 (0.3	mmol),	DMF	(1.0	mL),	 rt,	12	h.	
a
	
qNMR	conversion,	yield	and	selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	internal	standard.	β-hydride	elimination	of	the	
alkyl	bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.	
	
Table	4.3.	Screening	of	reducing	agents.	
	
	
Taking	into	account	that	the	binding	affinity	of	the	counteranion	on	the	putative	vinyl-Ni	intermediates	could	have	
an	important	effect	on	the	reaction	selectivity	(Table	4.2,	entries	2-4),	we	decided	to	investigate	the	outcome	of	the	
reaction	when	utilizing	other	alkyl	halides	or	pseudohalides	(Scheme	4.15).	As	previously	observed	unactivated	alkyl	
chlorides	afforded	a	preferential	formation	of	2a’.	Although	we	speculated	that	the	lower	binding	affinity	of	the	iodide	
(XX)	or	triflate	counterions	(XX)	would	result	in	improved	selectivity	towards	2a,	the	high	reactivity	of	these	starting	
materials	afforded	mainly	reduced	products.		
	
	
Reaction	conditions:	X	(0.2	mmol),	CO2	(1	atm),	NiBr2·diglyme	(10	mol%),	LX	(24	mol%),	MnCr	alloy	(0.3	mmol),	DMF	(1.0	mL),	T	(ºC),	12	h.	a	
qNMR	conversion,	yield	and	selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	internal	standard.	β-hydride	elimination	of	the	
alkyl	bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.	
	
Scheme	4.15.	Reaction	of	different	electrophiles.	
	
Being	unable	to	further	increase	the	selectivity	of	the	reaction	towards	the	formation	of	2a	by	tuning	other	reaction	
parameters,	 we	 decided	 to	 synthetize	 new	 bipyridine	 ligands	 containing	 electron-withdrawing	 substituents	 hoping	
that	 they	would	provide	 a	 higher	 selectivity	 as	 compared	 to	 LX	 (Scheme	4.16).	 As	 observed	previously	with	Mn	as	
reductant,	more	electron-donating	LX	and	LX	afforded	lower	selectivity	than	LX,	whereas	more	electron-withdrawing	
Lx	and	Lx	provided	higher	selectivity	towards	2a.	Although	the	overall	carboxylation	yield	decreased	around	10%	by	
using	Lx,	the	high	levels	of	selectivity	encouraged	us	to	investigate	whether	we	could	minimize	the	formation	of	2a’.	
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Reaction	conditions:	X	 (0.2	mmol),	CO2	 (1	atm),	NiBr2·diglyme	(10	mol%),	LX	 (24	mol%),	MnCr	alloy	(0.3	mmol),	DMF	(1.0	mL),	rt,	12	h.	
a
	
qNMR	conversion,	yield	and	selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	internal	standard.	β-hydride	elimination	of	the	
alkyl	bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.	
	
Scheme	4.16.	Screening	of	bipyridine	ligands	with	electronwithdrawing	groups.	
	
A	final	fine-tuning	of	the	reaction	parameters	demonstrated	that	a	high	yield	could	be	obtained	by	using	Lx	at	15	ºC	
(Table	4.4,	entry	3).		Although	not	anticipated,	we	could	also	observe	a	direct	correlation	between	the	equivalents	of	
MnCr	 reductant	 and	 the	 selectivity	 of	 the	 reaction	 (Table	 4.4).	 In	 this	manner,	 by	minimizing	 the	 amount	 of	MnCr	
reductant	 to	 1.25	 equivalents,	 the	 selectivity	 towards	 the	 formation	 of	 2a	 could	 be	 further	 optimized	 (entry	 2).	
Although	 tentative,	 these	 results	 might	 indicate	 that	 two	 distinct	 vinyl-Ni	 species	 might	 be	 operating.	 While	 the	
formation	of	2a’	is	favored	in	the	presence	of	more	reductant,	thus	suggesting	the	formation	of	2a’	could	be	occurring	
via	 reduced	 vinyl-Ni	 species,	 the	 higher	 selectivity	 towards	 2a	 by	 using	 nearly	 stoichiometric	 amount	 of	 metal	
reductant	 seems	 to	 indicate	 the	1,4-nickel	migration	might	be	proceeding	via	a	vinyl-Ni(II)	 species.	 Importantly,	we	
observed	the	same	effect	when	diluting	the	reaction	or	using	different	equivalents	of	Mn.	In	any	case,	these	results	
argued	against	a	Cr-catalyzed	1,4-migration	as	the	origin	behind	the	improved	selectivity	of	the	MnCr	reductant.	
	
 
Entry	 MnCr	alloy	equivalents	 Conv	(%)
a
	 Yield	2a	(%)
a
	 Yield	2a'	(%)
a
		 2a:2a'	
1	 MnCr	(1.0	equiv)	 93	 70	 3	 96:4	
2	 MnCr	(1.25	equiv)	 100	 77	 5	 94:6	
3	 MnCr	(1.5	equiv)	 100	 76	 8	 90:10	
4	 MnCr	(1.75	equiv)	 100	 71	 12	 85:15	
5	 MnCr	(2	equiv)	 100	 68	 17	 80:20	
 
	
Reaction	conditions:	X	(0.2	mmol),	CO2	(1	atm),	NiBr2·diglyme	(10	mol%),	LX	(20	mol%),	MnCr	alloy	(0.25	mmol),	DMF	(1.0	mL),	15	ºC,	12	h.	a	
qNMR	conversion,	yield	and	selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	internal	standard.	β-hydride	elimination	of	the	
alkyl	bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.	
	
Table	4.4.	Screening	of	MnCr	equivalents.	
	
Having	optimized	conditions	to	afford	2a	in	high	selectivity,	we	explored	whether	all	our	optimized	parameters	were	
critical	for	success	(Table	4.5).	Indeed,	the	utilization	of	other	metal	reductants	resulted	in	lower	yield	and	selectivity	
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towards	2a	 (entries	 2-3).	 Interestingly,	 the	 replacement	 of	MnCr	 alloy	 by	Mn	 and	 CrCl3	 or	 CrCl2,	 resulted	 in	 either	
similar	results	to	those	obtained	with	Mn	alone	(entry	3	vs	4),	or	a	complete	switch	of	selectivity	towards	2a’	when	
CrCl2	was	used	(entry	5).	Although	these	results	were	very	surprising,	it	is	worth	noting	that	CrCl2	is	known	to	enable	
fast	reduction	of	vinyl-Ni(II)	species	in	Nozaki-Kishi-Hiyama	reactions.
32
	Although	the	formation	of	a	vinyl-Ni(II)-Cl,	less	
prone	to	undergo	1,4-migration,	is	also	a	valid	explanation	for	the	observed	selectivity	switch,	these	results	could	also	
be	explained	via	our	previous	hypothesis	that	suggests	that	2a	and	2a’	are	forming	via	distinct	vinyl-Ni	intermediates	
having	different	oxidation	states.	As	expected,	L9	was	superior	to	all	the	other	tested	bipyridine	and	phenanthroline	
ligands	 (entries	6-13).	 Likewise,	NiBr2	diglyme	proved	 to	be	superior	 than	other	Ni	 sources	such	as	Ni(COD)2	or	NiI2	
(entries	 14-16).	 Other	 solvents	 such	 as	 DMA	 or	 NMP	 gave	 lower	 overall	 yield	 of	 carboxylated	 products	 while	 still	
affording	 the	 same	 selectivity	 as	 DMF	 (entries	 17-19).	 Finally,	 considering	 that	 L6	 is	 a	 liquid	 at	 room	 temperature	
which	 needs	 to	 be	 added	 to	 the	 reaction	 mixture	 using	 a	 Hamilton	 syringe,	 we	 decided	 to	 prepare	 and	 test	 the	
corresponding	 Ni(II)(Lx)2Br2	 preformed	 complex	 XX	 (entry	 20).
33,34
	Luckily,	 the	 use	 of	 this	 air	 stable	 Ni(II)	 complex	
afforded	the	same	result	as	the	combination	of	NiBr2	diglyme	and	Lx,	thus	simplifying	significantly	the	final	set	up	of	
the	reactions.	Finally,	decreasing	the	catalyst	 loading	to	5	mol%	afforded	a	comparable	overall	yield	of	carboxylated	
products	but	a	lower	selectivity	was	also	observed	(entry	21).	These	results	were	not	surprising	considering	that	the	
amount	of	MnCr	reductant	as	compared	to	Ni-catalyst	has	also	been	increased.	
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	Ni(II)(Lx)2X2	have	been	successfully	synthetized.		
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Entry	
Deviation	from	standard	
conditions	
Conv	(%)
	a
	 Yield	2a	(%)
a
	 Yield	2a'	(%)
a
		 2a:2a'	
1	 None	 100	 77	 5	 94:6	
2	 Zn	instead	of	MnCr	alloy	 100	 0	 8	 -	
3	 Mn	instead	of	MnCr	alloy	 100	 40	 9	 78:22	
4	 Mn/CrCl3	(10	mol%)	for	MnCr	 100	 43	 14	 75:25	
5	 Mn/CrCl2	(10	mol%)	for	MnCr	 100	 3	 45	 6:94	
6	 L1	(20%)	instead	of	L6	 16	 0	 0	 -	
7	 L2	(20%)	instead	of	L6	 100	 75	 8	 90:10	
8	 L3	(20%)	instead	of	L6	 1	 0	 	 -	
9	 L4	(20%)	instead	of	L6	 100	 56	 6	 89:11	
10	 L5	(20%)	instead	of	L6	 71	 19	 7	 63:37	
11	 L7	(20%)	instead	of	L6	 0	 -	 -	 -	
12	 L8	(20%)	instead	of	L6	 78	 37	 6	 84:16	
13	 L9	(20%)	instead	of	L6	 100	 58	 15	 74:26	
14	 NiBr2	glyme	for	NiBr2	diglyme	 100	 74	 5	 93:7	
15	 Ni(COD)2	for	NiBr2	diglyme	 100	 64	 4	 94:6	
16	 NiI2	instead	of	NiBr2	diglyme	 100	 68	 6	 91:9	
17	 DMA	instead	of	DMF	 100	 64	 4	 94:6	
18	 NMP	instead	of	DMF	 100	 54	 4	 93:7	
19	 DMSO	instead	of	DMF	 36	 0	 0	 -	
20	 NiBr2(L6)2	(10%)	as	catalyst	 100	 77(80%)
b
	 5	 94:6	
21	 NiBr2(L6)2	(5%)	as	catalyst	 100	 72	 8	 89:11	
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Reaction	conditions:	X	(0.2	mmol),	CO2	(1	atm),	NiBr2·diglyme	(10	mol%),	LX	(20	mol%),	MnCr	alloy	(0.25	mmol),	DMF	(1.0	mL),	15	ºC,	12	h.	a	
qNMR	conversion,	yield	and	selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	internal	standard.	β-hydride	elimination	of	the	
alkyl	bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.	
b
	Isolated	yield.	
	
Table	4.5.	Deviation	from	standard	conditions.	
	
In	addition,	control	experiments	revealed	that	all	variables	were	critical	to	afford	the	carboxylation	of	1a	(Table	4.6).		
	
	
	
Entry	 Deviation	from	standard	conditions	 Conv	(%)
	a
	 Yield	2a	(%)
a
	 Yield	2a'	(%)
a
		 2a:2a'	
1	 none	 100	 77(80%)	 5	 94:6	
2	 no	NiBr2	diglyme	 0	 -	 -	 -	
3	 no	LX	 25	 0	 -	 -	
4	 no	MnCr	alloy	 0	 -	 -	 -	
	
Reaction	conditions:	X	(0.2	mmol),	CO2	(1	atm),	NiBr2·diglyme	(10	mol%),	LX	(20	mol%),	MnCr	alloy	(0.25	mmol),	DMF	(1.0	mL),	15	ºC,	12	h.	a	
qNMR	conversion,	yield	and	selectivity	was	determined	using	1,3,5-trimethoxybenzene	as	internal	standard.	β-hydride	elimination	of	the	
alkyl	bromide	to	form	a	mixture	of	olefins	accounts	for	the	mass	balance	as	the	major	side	products.	
	
Table	4.6.	Control	experiments.	
	
4.3.2.	Preparative	substrate	scope	with	unactivated	alkyl	bromides	
	
Encouraged	 by	 these	 findings,	we	 studied	 the	 generality	 of	 our	 cascade	 process	with	 a	 host	 of	 unactivated	 alkyl	
bromides	 (Scheme	4.17).	 In	 agreement	with	our	 experience	 in	 reductive	 carboxylations,
35
	our	protocol	was	 general	
and	distinguished	by	an	excellent	chemoselectivity	profile,	as	aryl	halides	(2c,	2d),	thioethers	(2f),	methoxyethers	(2i),	
trifluoromethylated	 derivatives	 (2j,	 2q),	 silyl	 ethers	 (2g),	 heterocycles	 (2o,	 2p)	 or	 even	 particularly	 sensitive	 Bpin	
derivatives	 (2f)	were	all	perfectly	 tolerated.	 Interestingly,	 sterically	hindered	ortho-substituted	aryl	motifs	posed	no	
problems,	improving	the	selectivity	towards	the	1,4-migration	product	(2b,	2c,	2q).	This	outcome	could	be	explained	
through	a	sterically	unfavorable	interaction	of	the	Ni	center	sitting	at	the	vinyl	position	and	these	ortho-substituents,	
thus	promoting	 its	migration	to	the	aryl	ring.	 It	 is	worth	mentioning	that	both	aryl	and	alkyl	substituted	alkynes	(2l,	
2m,	 2n)	 could	 undergo	 1,4-Ni	migration	 in	 high	 selectivity,	 regardless	 of	 the	 electronic	 nature	 of	 the	 substituents.	
However,	higher	selectivity	was	generally	observed	with	groups	having	a	high	electron-donating	character.	We	were	
glad	 to	 see	 that	 secondary	 alkyl	 bromides	 (2r,	 2s)	 were	 well	 tolerated	 under	 the	 developed	 reaction	 conditions.	
Furthermore,	substitutions	on	the	aryl	ring	in	which	the	nickel	species	is	migrating	was	well	tolerated	although	slightly	
diminished	yields	were	obtained	(2s,	2t).	Finally,	in	order	increase	the	diversity	of	the	products	that	could	be	obtained	
and	open	up	possibilities	for	further	functionalization,	we	decided	to	apply	our	methodology	to	the	carboxylation	of	
different	silicon-tethered	alkyl	bromides,	affording	the	desired	products	in	decent	yield	and	good	selectivity	(2v,	2w,	
2x,	2y)	when	using	L2.		
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Reaction	conditions:	X	(0.3	mmol),	CO2	(1	atm),	NiBr2(Lx)2	(10	mol%),	MnCr	alloy	(0.37	mmol),	DMF	(1.5	mL),	15	ºC,	12h.	a	X	(0.2	mmol),	
CO2	(1	atm),	NiBr2	diglyme	(10	mol%),	Lx	(20	mol%),		MnCr	alloy	(0.5	mmol),	DMF	(1.0	mL),	15	ºC,	12h.	2a-y	were	all	obtained	in	>90:10	
ratio.	Isolated	yields,	average	of	at	least	two	independent	runs.		
	
Scheme	4.17.	Scope	of	the	carboxylation	of	unactivated	alkyl	bromides	via	1,4-Nickel	migration.	
	
Although	a	wide	range	of	unactivated	alkyl	bromides	afforded	the	expected	1,4-migration	products	in	high	yield	and	
selectivity,	many	 others	 were	 transformed	 into	 complex	mixture	 of	 products,	 gave	 recovered	 starting	material,	 or	
afforded	 the	 anti-carboxylation	 product	 (Scheme	 4.18).	 Unfortunately,	 many	 substrates	 that	 could	 lead	 to	 the	
formation	of	O-	or	N-heterocycles	failed.	For	example,	substrates	containing	amide	or	ester	functionalities	on	the	side-
chain	gave	complex	mixtures	of	dimerized,	reduced	cyclized	and	uncyclized	products	(2a	and	2b).	The	utilization	of	2c	
afforded	mainly	phenol	formation	due	to	the	particular	sensitivity	of	the	silyl	ether	functional	group.	Likewise,	2d	also	
gave	mainly	phenol	formation,	likely	through	Ni-β-hydride	elimination	and	subsequent	acidic	hydrolysis	of	the	formed	
enol	ether.	Although	2e	would	lead	to	the	same	product	avoiding	β-hydride	elimination,	only	trace	formation	of	2e’	
was	observed	upon	 isolation	of	 the	 corresponding	 carboxylic	 acids.
36
	These	 results	might	 indicate	 that	Ni-migration	
into	the	aryl	ring	might	be	slowed	down	in	the	presence	of	electron	withdrawing	substituents,	as	observed	in	Scheme	
4.17.	 Substrates	 containing	 N-atoms	 afforded	 mainly	 recovered	 starting	 material,	 thus	 suggesting	 that	 these	
substrates	might	 coordinate	 to	 the	Ni-catalyst	 inhibiting	 the	 reaction	 (2g-2i).	 In	 a	 similar	manner,	2j	 containing	 an	
enyne	 functionality	 that	could	coordinate	 to	 the	Ni-center	 inhibiting	catalysis.	Finally,	 substrates	having	an	aryl	 ring	
with	 a	 coordinating	 group	 in	 ortho-position	 gave	 mainly	 anti-carboxylation	 products	 (2k).	 These	 results	 could	 be	
explained	 through	 the	 intramolecular	 coordination	 of	 this	 group	 to	 the	Ni-center	 sitting	 at	 the	 vinyl	 position,	 thus	
preventing	it	from	migrating	on	to	the	aryl	ring.	This	phenomenon	also	occurred	when	silicon-substituted	alkyne	were	
employed,	as	the	C-Si	distance	might	not	be	appropriate	to	enable	Ni-migration	(2l).		
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Reaction	conditions:	X	(0.3	mmol),	CO2	(1	atm),	NiBr2(Lx)2	(10	mol%),	MnCr	alloy	(0.37	mmol),	DMF	(1.5	mL),	15	ºC,	12h.	Isolated	yields.	
	
Scheme	4.18.	Unsuccessful	substrates	for	the	carboxylation	of	unactivated	alkyl	bromides	via	1,4-Nickel	migration.	
	
4.3.3.	Preparative	substrate	scope	with	vinyl	bromides	
	
Considering	 that	 the	 carboxylation	 of	 unactivated	 alkyl	 bromides	 is	 occurring	 from	 the	 putative	 anti-vinyl-Ni	
intermediates	 we	wondered	whether	 simpler	 vinyl	 bromides	 could	 be	 used	 to	 directly	 access	 these	 intermediates	
giving	rise	the	corresponding	migrated	carboxylic	acids.	As	shown	in	Scheme	4.19,	this	was	indeed	the	case	affording	
the	 1,4-migrated	 carboxylic	 acids	 as	 E-Z	 mixtures	 of	 isomers.	 Importantly,	 optimization	 studies	 demonstrated	 the	
superiority	of	DMA	versus	DMF	in	the	carboxylation	of	these	substrates	(4a).	This	could	be	explained	due	to	the	higher	
solubility	of	the	highly	aromatic	starting	materials	in	this	solvent.	Particularly	noteworthy	was	the	ability	to	carry	out	
the	 1,4-migration	 on	 to	 different	 aromatic	 functionalities	 as	 for	 example	 naphthalene	 (4b).	 Interestingly,	 methyl	
substitution	on	the	aromatic	ring	to	which	the	migration	occurs,	results	in	a	carboxylation	para-	to	this	functionality	
while	increasing	the	yield	of	the	reaction	(4c).	Although	tentative,	the	electron-donating	character	of	this	group	could	
displace	 the	 equilibrium	 towards	 the	 formation	 of	 an	 aryl-Ni	 intermediate	with	 a	 stronger	 C-Ni	 bond.	 Finally,	 vinyl	
bromides	 containing	 different	 alkyl	 substituents	 and	 only	 one	 aromatic	 ring	 to	 which	 the	 migration	 could	 occur,	
afforded	 the	 desired	 product	 without	 problem	 (4e,	 4f).	 Interestingly,	 the	 major	 isomer	 is	 the	 one	 that	 would	 be	
expected	from	alkene	isomerization	after	Ni-migration.	Although	the	exact	mechanism	of	this	isomerization	is	not	yet	
fully	understood,	mechanistic	studies	suggest	it	might	occur	right	after	1,4-nickel	migration.	
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Reaction	conditions:	X	 (0.3	mmol),	CO2	 (1	atm),	NiBr2(Lx)2	(10	mol%),	MnCr	alloy	(0.37	mmol),	DMA	(1.5	mL),	15	ºC,	12h.	2a-e	were	all	
obtained	in	>99:1	ratio.	Isolated	yields,	average	of	at	least	two	independent	runs.	
a
	In	DMF	as	solvent.	
	
Scheme	4.19.	Scope	of	the	carboxylation	of	vinyl	bromides	via	1,4-Nickel	migration.	
	
Unfortunately,	many	other	vinyl	bromides	afforded	mainly	ipso-carboxylation,	trace	amounts	of	1,4-carboxylation	or	
no	 carboxylation	 (Scheme	 4.20).	 Substrates	 2a’-2d’	 gave	 mainly	 ipso-carboxylation	 affording	 trace	 formation	 of	
corresponding	 1,4-migrated	 products.	 The	 preferential	 formation	 of	 the	 E-isomer	 of	 2a’	 and	 2b’	 starting	 from	
trisubstituted	vinyl	bromides	(2a	and	2b),	suggests	this	kind	of	alkenes	favors	the	formation	of	a	stable	E-configured	
vinyl-Ni	 intermediate	 that	might	not	be	able	 to	equilibrate	via	Ni-carbene	 isomerization.	 Similarly,	alkenes	having	a	
methyl	 substitution	 on	 the	 carbon	 directly	 attached	 to	 the	 bromide	 atom	 afforded	mainly	 ipso-carboxylation	 (2c’).	
Likewise,	 the	 reverse	 aryl	 to	 vinyl	 migration	 could	 only	 be	 observed	 in	 trace	 amounts,	 thus	 suggesting	 that	 as	
observed	 in	 other	 metal	 shifts,
29
	 Ni-migration	 might	 be	 reversible	 (2d’).	 Vinyl	 bromides	 2e-2g,	 having	 electron	
withdrawing	 in	 the	 aromatic	 ring	 to	 which	 Ni-migration	 occurs	 gave	 trace	 formation	 of	 the	 corresponding	 1,4-
migration	 products,	 thus	 suggesting	 that	 these	 groups	might	 destabilized	 the	 corresponding	 aryl-Ni	 intermediates.	
Finally,	others	 substrates	did	not	undergo	any	carboxylation	at	all	 (2h	and	2i).	While	 the	 isopropyl	group	 in	2h	was	
probably	too	bulky	to	enable	efficient	oxidative	addition,	unsubstituted	vinyl	bromides	as	2i	favored	the	dimerization	
of	the	corresponding	vinyl-Ni	intermediates.	
	
	
Reaction	conditions:	X	(0.3	mmol),	CO2	(1	atm),	NiBr2(Lx)2	(10	mol%),	MnCr	alloy	(0.37	mmol),	DMA	(1.5	mL),	15	ºC,	12h.	
	
Scheme	4.20.	Unsuccessful	substrates	for	the	carboxylation	of	vinyl	bromides	via	1,4-Nickel	migration.	
	
4.3.4.	Applications	in	the	synthesis	of	phthalides,	isochromenones	and	isochromanones	
	
The	 ability	 to	 generate	 both	 a	 carboxylic	 acid	 motif	 and	 a	 trisubstituted	 alkene	 through	 a	 1,4-nickel-
migration/carboxylation	 event	 suggested	 that	 our	 methodology	 could	 be	 utilized	 for	 the	 preparation	 of	 complex	
isochromanones	or	phthalides	by	 reacting	 these	 two	 functionalities.	As	 illustrated	 in	Scheme	4.21,	we	could	access	
functionalized	 phthalide	XX	 in	 high	 yield	 through	 an	 intermolecular	 NBS	 bromolactonization	 of	XX.
37
	Indeed,	 X-ray	
crystallography	 of	 XX	 unequivocally	 determined	 the	 formation	 of	 the	 expected	 anti-diastereoisomer.	 Simple	
lactonization	 in	acidic	media	afforded	the	non-functionalized	phthalide	XX.
38
	We	anticipated	that	acyloxypalladation	
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should	 occur	 on	 to	 the	 less	 substituted	 carbon	 of	 the	 alkene,	 as	 otherwise	 an	 alkyl-Pd	 intermediate	 incapable	 of	
undergoing	 β-hydride	 elimination	 would	 be	 formed.	 As	 expected,	 the	 opposite	 regioselectivity	 could	 be	 accessed	
upon	treatment	of	XX	with	catalytic	PdCl2(CH3CN)2	and	1,4-benzoquinone	as	oxidant.
39
	In	this	manner,	we	could	afford	
isochromenone	XX	in	excellent	yield	and	selectivity.	Finally,	considering	that	a	para-methoxy	electron-donating	group	
would	stabilize	the	positive	charge	on	the	less	substituted	carbon	of	the	alkene,	isochromanone	XX	could	be	accessed	
upon	exposure	of	XX	to	acidic	media.	Taking	these	features	into	considerations,	the	presented	results	in	Schemes	X.X,	
X,X	 and	 X.X	 illustrate	 the	 prospective	 impact	 the	 developed	 transformation	 could	 have	 on	 1,4-metal	 migration	
processes	as	well	as	on	the	known	strategies	to	carry	out	a	sp
2
	C-H	bond	carboxylation	reactions.	
	
	
	
Bromolactonization	(XX):	X	 (0.1	mmol),	TFA	(10	mol%),	NBS	(0.11	mmol),	MeCN	(1.0	ml),	25	ºC,	30	min,	83%	yield.	Lactonization	(XX):	X	
(0.2	mmol),	 concentrated	 H2SO4	 (1.0	ml),	 0	 ºC,	 5	min,	 88%	 yield.	Acyloxypalladation	 (XX):	 X	 (0.1	mmol),	 PdCl2(CH3CN)2	 (5	mol%),	 1,4-
benzoquinone	(0.13	mmol),	THF	(1.0	ml),	 	rt,	12	hours,	88%	yield.	Lactonization	 (XX):	X	 (0.1	mmol),	concentrated	H2SO4	(1.0	ml),	0	ºC,	5	
min,	62%	yield.	Yield	of	isolated	products.	
	
Scheme	4.21.	Synthesis	of	phthalides,	isochromenones	and	isochromanones.	
	
4.3.5.	Mechanistic	studies		
	
4.3.5.1.	Experiments	with	deuterated	substrates	
	
Having	explored	the	scope	of	the	reaction,	we	then	moved	to	studying	the	mechanism	of	the	1,4-nickel	migration	by	
carrying	out	experiments	with	deuterated	substrates	(Scheme	4.22).	We	decided	to	carry	out	these	experiments	with	
XX	and	XX,	considering	vinyl	bromides	are	synthetically	more	easily	accessible	than	the	corresponding	alkyl	bromide.	
Upon	exposure	of	 fully	deuterated	XX	 to	 the	optimized	 reaction	conditions,	XX	was	 formed	 in	a	45%	 isolated	yield	
with	full	deuterium	incorporation	into	the	vinyl	position	(>95%	D)	(Scheme	4.22,	left).	These	results	indicated	that	the	
nickel	center	migrates	completely	onto	the	ortho-position	of	the	aryl	group	before	carboxylation	occurs.	Additionally,	
the	 isolation	of	 the	 unpolar	 fraction	of	 this	 experiment	 demonstrated	 that	 protodehalogenation	 accounted	 for	 the	
mass	 valance	 in	 a	 40%	 isolated	 yield	 (XX).	 NMR	 analysis	 of	XX	 showed	 a	 5:1	 D:H	 ratio	 at	 the	 vinyl	 position,	 thus	
suggesting	that	most	of	the	protodehalogenation	takes	place	after	Ni-migration.	Interestingly,	the	diminished	yield	of	
carboxylation	 (XX,	 45%)	 as	 compared	 to	 the	 non-deuterated	 substrate	 (XX,	 63%)	 could	 suggest	 the	 presence	 of	 a	
kinetic	isotope	effect	(KIE)	for	the	1,4-nickel	migration.	In	order	to	get	a	deeper	insight	into	this	process	we	submitted	
partially	 deuterated	 XX	 to	 the	 optimized	 reaction	 conditions	 in	 an	 attempt	 to	 determine	 the	 KIE	 through	 an	
intramolecular	 competition	 experiment	 (Scheme	 4.22,	 right).	We	 observed	 that	XX	 was	 formed	 in	 59%	 yield	 upon	
isolation.	Quantitative	decarboxylation	and	NMR	analysis	of	the	corresponding	product	showed	a	5:1	H:D	ratio	at	the	
vinyl	position,	thus	confirming	the	existence	of	a	primary	KIE	with	a	value	of	kH/kD	=	5.0	for	the	1,4-nickel	migration.	
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Reaction	conditions:	XX	or	XX	(0.3	mmol),	CO2	(1	atm),	NiBr2(Lx)2	(10	mol%),	MnCr	alloy	(0.37	mmol),	DMA	(1.5	mL),	15	ºC,	12h.	XX	and	
XX	were	obtained	in	>99:1	ratio.	Isolated	yields,	average	of	at	least	two	independent	runs.	
	
Scheme	4.22.	Experiments	with	fully	and	partially	deuterated	substrates.	
	
4.3.5.2.	Synthesis	of	Ni(II)	oxidative	addition	complexes	
	
Aiming	to	study	the	mechanism	of	the	reaction	carrying	out	stoichiometric	experiments	with	isolated	aryl-	and	vinyl-
Ni	 intermediates,	 large	 efforts	 were	made	 to	 synthesize	 the	 corresponding	 oxidative	 addition	 complexes.	 For	 this	
purpose,	we	reacted	Ni(COD)2	with	vinyl	bromide	XX	or	aryl	bromide	XX	in	the	presence	of	Lx	or	Lx,	hoping	that	the	
formed	 complexes	 would	 be	 sufficiently	 stable	 for	 isolation.	 Our	 initial	 attempts	 focused	 on	 synthetizing	 vinyl-
Ni(II)(Lx)Br	or	 vinyl-Ni(II)(Lx)Br	oxidative	addition	 complexes	 following	 the	described	 route.	However,	 the	 formation	
these	complexes	proved	to	be	rather	challenging	as	only	Ni-complexes	lacking	the	corresponding	vinyl	ligand	could	be	
isolated.	 These	 results	 suggested	 that	 the	 formed	 complexes	 were	 too	 unstable	 and	 rapidly	 reacted	 via	 other	
decomposition	pathways,	such	us	dimerization	or	protodehalogenation,	preventing	their	isolation.	Aiming	to	stabilize	
these	vinyl-Ni(II)	intermediate,	we	looked	at	the	possibility	of	initially	employing	another	ligands	to	allow	the	isolation	
of	stable	vinyl-Ni(II)	intermediates.	If	these	complexes	could	be	successfully	synthetized,	subsequent	displacement	of	
these	ligands	upon	exposure	to	Lx	or	Lx	could	provide	a	viable	route	to	vinyl-Ni(II)(Lx)Br	or	vinyl-Ni(II)(Lx)Br.	Luckily,	
the	 synthesis	 of	 a	 vinyl-Ni(II)(L)Br	 complex	 with	 XX	 had	 already	 been	 descried	 by	 Ritter	 in	 2012	 using	 TMEDA	 as	
stabilizing	 ligand	 (Scheme	 4.23).
40
	Indeed	 XX	 could	 be	 easily	 accessed	 and	 characterized	 following	 this	 reported	
procedure.	Importantly,	an	X-ray	crystal	structure	of	XX	could	be	obtained	upon	slow	evaporation	of	a	THF	solution.	
Having	 a	 reliable	 access	 to	XX,	we	 attempted	 the	 subsequent	 ligand	 exchange	 using	 Lx	 or	 Lx	 in	 different	 solvents,	
concentrations	and	temperatures.	Although	ligand	exchange	was	indeed	observed	through	NMR	measurements,	the	
formed	vinyl-Ni(II)	complexes	were	too	unstable	and	reacted	via	other	pathways	as	we	had	previously	experienced.	
Nevertheless,	having	observed	the	displacement	of	TMEDA	upon	exposure	of	XX	to	Lx	or	Lx	in	different	solvents,	we	
expected	 XX	 could	 be	 directly	 used	 to	 carry	 out	 stoichiometric	 studies	 through	 the	 in-situ	 formation	 of	 vinyl-
Ni(II)(Lx)Br	or	vinyl-Ni(II)(Lx)Br.	
	
Reaction	conditions:	XX	(3.59	mmol),	Ni(COD)2	(3.59	mmol),	TMEDA	(3.59	mmol),	toluene	(20	ml),	rt,	40	min,	85%	yield.	
	
Scheme	4.23.	Synthesis	and	ORTEP	representation	of	vinyl-Ni(II)	oxidative	addition	complexes.	
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After	realizing	that	the	synthesis	of	vinyl-Ni(II)	bypiridine	complexes	was	rather	challenging,	we	wondered	whether	
the	 corresponding	 aryl-Ni(II)	 oxidative	 addition	 complex	 containing	 Lx	 or	 Lx	 would	 be	 sufficiently	 stable	 to	 allow	
isolation	 and	 characterization.	 After	 some	 experimentation,	 we	 discovered	 that	 XX	 could	 be	 obtained	 in	 a	 47%	
isolated	 yield	 upon	 treatment	 of	 Ni(COD)2	 with	 an	 excess	 of	XX	 in	 the	 presence	 of	 Lx	 (Scheme	 4.24).
41
	Indeed	XX	
precipitated	 from	THF	as	a	 red	solid	after	12	hours	stirring	at	 room	temperature.	This	complex	proved	to	be	highly	
insoluble	in	most	common	organic	solvents,	being	only	modestly	soluble	in	THF.	Indeed,	NMR	characterization	of	XX	
could	only	be	carried	out	 in	d8-THF,	affording	a	 low-resolution	NMR	spectrum.	Nevertheless,	slow	evaporation	of	a	
highly	 diluted	 solution	of	XX	 in	 this	 solvent	 inside	 the	 glove	box	 freezer	 afforded	 some	 intense	 red	 crystals,	which	
were	suitable	for	X-ray	crystallography.	Although	NMR	measurements	evidenced	the	existence	of	two	diasteromeric	
complexes,	XX	was	the	only	complex	that	formed	crystals.	Interestingly,	the	ORTEP	representation	of	XX	manifested	
the	existence	of	an	interactions	between	the	ortho-methyl	of	Lx	and	the	bromide	anion,	thus	distorting	the	structure	
of	 this	 complex	 from	 the	 expected	 square	 planar	 geometry.	 Although	 a	 detailed	 interpretation	 of	 this	 interaction	
awaits	 further	 investigations,	 we	 believe	 it	 might	 be	 directly	 implicated	 in	 enabling	 1,4-Ni	 migrations	 since	 no	
migration	 occurs	 in	 the	 absence	 of	 an	 ortho-substituent.	 Hypothetically,	 the	 steric	 interaction	 between	 this	
substituent	 and	 the	 bromide	 anion,	 could	 favor	 the	 formation	 of	 the	 required	 cationic	 complex	 to	 enable	 1,4-
migration.	
	
	
	
Reaction	conditions:	XX	(2.5	mmol),	Ni(COD)2	(0.5	mmol),	Lx	(0.5	mmol),	THF	(5	ml),	rt,	12	hours,	47%	yield.	
	
Scheme	4.24.	Synthesis	and	ORTEP	representation	of	aryl-Ni(II)	oxidative	addition	complexes.	
	
4.3.5.3.	Reversibility	of	the	1,4-Nickel	migration	and	mechanistic	interpretation	for	the	observed	species	
	
During	our	crystallization	attempts	of	the	different	oxidative	addition	complexes,	we	found	out	that	XX	was	highly	
soluble	in	DMF.	However,	upon	dissolution	of	red	solid	XX	 in	DMF,	an	intense	dark	brown	solution	was	immediately	
observed,	thus	suggesting	a	new	species	had	been	formed	(Scheme	4.25).	We	attributed	the	sudden	color	change	to	
the	formation	of	cationic	complex	XX,	in	which	the	bromide	anion	has	been	extruded	from	the	coordination	sphere	of	
Ni	due	 to	 the	 coordinating	ability	of	DMF.	 There	are	 indeed	 several	 reports	which	describe	 the	 formation	of	 these	
cationic	complexes	upon	dissolution	of	aryl-Ni(II)(Lx)Br	complexes	in	DMF,	particularly	in	the	context	of	stoichiometric	
Ni	carboxylation	reactions.
30
	We	thought	 it	was	 therefore	 legitimate	 to	propose	 that	1,4-Ni	migration	could	also	be	
occurring	through	the	intermediacy	of	cationic	aryl-	and	vinyl-Ni(II)	complexes	(XX	and	XX)	in	DMF.	Although	neither	
XX	nor	XX	could	be	crystallized	from	this	solvent,	the	dark	brown	color	of	this	solution	slowly	disappeared	overtime	
giving	rise	to	the	formation	of	some	colorless	crystals.	X-ray	crystallography	demonstrated	that	this	species	was	the	
dimeric	organic	species	XX.	Indeed,	the	formation	of	XX	could	only	be	formed	upon	reductive	elimination	of	vinyl-aryl-
Ni(II)	 intermediate	XX.	This	suggested	that	the	 initially	formed	XX	and	XX	cationic	complexes	had	disproportionated	
overtime	in	DMF	to	form	XX	and	XX.	Certainly,	attempts	to	crystallized	XX	at	room	temperature	in	a	THF	solution	over	
long	period	of	 time	gave	 rise	 to	 the	 fade	of	 the	 intense	 red	 color	 and	 the	 formation	of	 yellow	 crystals	 of	XX,	 thus	
indicating	that	as	other	aryl-Ni(II)Br	complexes,	XX	undergoes	slow	disproportionation	in	solution.	More	importantly,	
the	ORTEP	representation	of	XX	indicated	that	this	structure	could	only	be	formed	through	the	reverse	1,4-migration	
from	XX	to	XX,	thus	pointing	towards	the	existence	of	an	equilibrium	between	XX	and	XX	evidencing	the	reversibility	
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of	 the	 1,4-Ni	 migration	 in	 DMF.	 This	 hypothesis	 was	 further	 supported	 as	 the	 reverse	 process	 had	 already	 been	
observed	in	some	of	the	substrates	of	the	scope	(XX	and	XX)	
	
	
	
Scheme	4.25.	Mechanistic	interpretation	for	the	formation	of	XX	and	XX	in	the	absence	of	CO2.	
	
4.3.5.4.	Stoichiometric	experiments	with	vinyl	and	aryl-Ni(II)	oxidative	addition	complexes	
	
Considering	 that	 most	 metal	 1,4-migration	 processes	 require	 a	 vacant	 coordination	 site	 were	 a	 metal	 C(sp
2
)-H	
agostic	 interaction	 can	be	established,	we	hypothesized	 that	a	 cationic	 vinyl-Ni(II)	 species	would	most	 likely	be	 the	
intermediate	 involved	 in	 the	1,4-migration.
29
	As	previously	described,	 this	hypothesis	was	 further	 supported	by	 the	
literature	and	the	appearance	of	a	dark	brown	color	upon	dissolution	of	XX	in	DMF.
30
	In	order	to	get	further	evidence	
about	the	1,4-migration	via	the	intermediacy	of	a	vinyl-Ni(II)	species,	we	performed	stoichiometric	experiments	with	
the	isolated	and	characterized	vinyl	and	aryl-Ni(II)	oxidative	addition	complexes	(XX	and	XX)	in	the	absence	of	metallic	
reductant	(Scheme	4.26).	As	expected	when	we	submitted	XX	to	the	optimized	reaction	conditions	in	the	absence	of	
added	ligand	Lx	the	reaction	did	not	proceed,	thus	confirming	the	role	of	the	ligand	in	enabling	the	1,4-migration	and	
the	 carboxylation	 process.	 However,	 upon	 addition	 of	 2.0	 equivalents	 of	 Lx,	 a	 49%	 isolated	 yield	 of	 XX	 could	 be	
isolated,	thus	supporting	our	hypothesis	that	both	the	nickel	1,4-migration	and	the	carboxylation	event	are	occurring	
via	 the	 intermediacy	 of	 vinyl-Ni(II)	 and	 aryl-Ni(II)	 species.	 To	 further	 corroborate	 this	 hypothesis,	 when	 aryl-Ni(II)	
oxidative	 addition	 complex	 XX	 was	 submitted	 to	 the	 optimized	 reaction	 conditions	 in	 the	 absence	 of	 metallic	
reductant,	 a	 55%	 isolated	 yield	 of	 XX	 could	 be	 obtained.	 Additionally,	 as	 previously	 observed	 in	 our	 catalytic	
experiments	with	deuterated	substrates,	XX	accounted	for	the	mass	valance.	The	formation	of	XX	 indicates	that	no	
significant	disproportionation	of	XX	 is	occurring,	thus	disfavoring	the	hypothetic	generation	of	an	aryl-Ni(I)Lx	species	
via	 Ni(II)/Ni(0)	 comproportionation.	 Apart	 from	 providing	 compelling	 evidence	 of	 a	 Ni(II)-mediated	 1,4-migration,	
these	 results	 are	 in	 agreement	 with	 Osakada	 and	 Yamamoto’s	 initial	 stoichiometric	 carboxylation	 studies,	 which	
propose	 the	carboxylation	of	aryl	bromides	 is	occurring	via	an	aryl-Ni(II)	 intermediate	 in	 the	presence	of	bipyridine	
ligands	and	amidic	solvents	(chapter	1).
30
	
	
	
XX
NiII
N
NBr
Ph
HPh
Me
Br
NiII
NiII
Vinyl
Aryl
N
N
XX
DMF
XX
NiII
N
NDMF
Ph
HPh
Me Me XX (X-Ray)
N
NMe
DMF
Br
N
N
Me
XX (X-Ray)
NiII
H
N
N
Me
Br
XX
XX
Reductive
elimination
+
Proposed mechanism for the formation of XX and XX in the absence of CO2
Proposed
disproportionation
complexes
Crystal structuresDark brown solutionIntense red solid
colorless crystals
yellow crystals
Crystallization
in THF
Crystallization
in DMF
Br
XX (X-Ray)
red crystals
H
CO2H
HNiII
H
N
N
0% yield (x = 0)
x equiv
CO2, DMF, 15ºC
49% yield (x = 2)
Me
Me
Br
Me
Me
NN
Me
CF3
XX
XX
Lx
(E:Z, 2.3 : 1)
Stoichiometric experiment with vinyl-Ni(II) complex
XX
CO2H
XX, 55% yield
DMA, 15ºC
Stoichiometric experiment with aryl-Ni(II) complex
(E:Z, 2.2 : 1)
CO2
XX, 43% yield
NiII
N
NBr
Ph
HPh
Me
Chapter	4.	
	 255	
	
Scheme	4.26.	Stoichiometric	experiments	with	vinyl-	and	aryl-Ni(II)	oxidative	addition	complexes.	
	
In	 order	 to	 provide	 further	 evidence	 for	 this	 pathway	 in	 the	 carboxylation	 of	 unactivated	 alkyl	 bromides,	 we	
conducted	 an	 experiment	 with	 XX	 using	 stoichiometric	 amounts	 of	 Ni(COD)2	 and	 Lx	 in	 the	 absence	 of	 metallic	
reductant	(Scheme	4.27).	Indeed,	when	we	carried	out	this	experiment,	XX	was	obtained	in	a	74%	isolated	yield	and	a	
93:7	ratio,	thus	supporting	the	carboxylation	of	XX	via	an	aryl-Ni(II)	intermediate.	Most	importantly	the	high	selectivity	
towards	XX	in	the	absence	of	the	MnCr	reductant	disfavored	the	hypothetical	generation	of	chromium	species	as	that	
origin	 behind	 the	 boost	 in	 selectivity	 when	 using	 this	 reductant.	 Additionally,	 the	 high	 selectivity	 observed	 in	 the	
absence	of	metallic	reductant	could	suggest	that	the	formation	of	XX	 is	occurring	via	a	vinyl-Ni(I)	intermediate	upon	
reduction	 of	 the	 viniyl-Ni(II)	 species	 mediated	 by	 MnCr.	 This	 hypothesis	 is	 further	 supported	 by	 our	 optimization	
studies,	which	show	a	change	in	selectivity	when	higher	amounts	of	Mn	or	MnCr	are	employed	(Table	4.4).	
	
	
	
Scheme	4.27.	Stoichiometric	experiment	with	XX	
	
4.3.6.	Proposed	reaction	mechanisms	
	
4.3.6.1.	Proposed	reaction	mechanism	for	carboxylation	of	vinyl	bromides	
	
Although	other	mechanistic	 scenarios	 could	 be	 envisioned,	we	 favor	 the	 catalytic	 cycle	 depicted	 in	 Scheme	 4.28.	
Initial	 Mn	 mediated	 reduction	 of	 precatalyst	 XX	 should	 give	 rise	 catalytically	 active	 Ni(0)	 species	 XX.	 Subsequent	
oxidative	 addition	 of	 vinyl	 bromide	 XX	 to	 these	 species	 would	 lead	 to	 the	 formation	 of	 cationic	 vinyl-Ni(II)	 XX.	
Although	 this	 intermediate	 could	not	be	 isolated	with	Lx	 due	 to	 its	 instability,	 an	analogous	Ni	 complex	 containing	
TMEDA	 as	 ligand	 was	 isolated	 and	 characterized.	 Importantly,	 the	 reactivity	 of	 XX	 towards	 1,4-migration	 and	
carboxylation	 in	 the	 optimized	 reaction	 conditions	 could	 be	 demonstrated.	 Considering	 that	 similar	 reactivity	 was	
observed	 using	 isomeric	 E-	 and	 Z-vinyl	 bromides	 (XX	 and	 XX),	 we	 propose	 intermediate	 XX	 should	 be	 in	 rapid	
equilibrium	with	XX,	most	likely	through	the	intermediacy	of	Ni-carbene	XX.	Indeed	Kishi	et	al.	demonstrated	that	this	
equilibrium	 is	 highly	 dependent	 on	 the	 electronic	 properties	 and	 ortho-substituents	 of	 the	 phenanthroline	 ligands	
employed.
42
	As	 observed	 in	 other	 1,4-metal	migrations,
29
	 we	 propose	 this	 process	 occurs	 via	 a	 cationic	 vinyl-Ni(II)	
intermediate	with	a	vacant	coordination	site,	were	a	metal	C(sp
2
)-H	agostic	interaction	can	be	established.	Indeed	the	
measured	distance	between	the	nickel	center	and	the	hydrogen	atom	in	ortho-position	 in	complex	XX	 is	of	XXXX	Å,	
thus	 suggesting	 that	 this	 kind	of	 interaction	could	be	established	 in	 a	 cationic	 complex	 containing	Lx.	Although	 the	
exact	mechanism	of	the	1,4-Ni	migration	still	remains	to	be	fully	elucidated,	this	process	should	lead	to	the	formation	
of	XX,	intermediate	that	could	be	isolated	and	characterized	in	its	neutral	form	XX.	As	observed	for	XX,	submitting	XX	
to	 the	 optimized	 reaction	 conditions	 in	 the	 presence	 of	 CO2	 also	 led	 to	 the	 formation	 of	 the	 final	 product	 of	 the	
reaction.	 Apart	 from	 providing	 compelling	 evidence	 for	 a	 Ni(II)	 mediated	 1,4-migration,	 this	 experiment	 also	
supported	 the	 direct	 carboxylation	 from	 a	 Ni(II)	 intermediate	 to	 form	 Ni-carboxylate	 XX.	 Final	 reductive	
transmetallation	of	XX	mediated	by	Mn	should	regenerate	the	catalytically	active	Ni(0)	specie	(XX)	with	concomitant	
generation	of	Mn-carboxylate	XX.	Acidic	workup	of	the	reaction	should	afford	the	corresponding	aryl	carboxylic	acid	
XX.	
	
	
                                                
42
	X.	Liu,	X.	Li,	Y.	Chen,	Y.	Hu,	Y.	Kishi,	J.	Am.	Chem.	Soc.	2012,	134,	6136-6139.	
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Scheme	4.28.	Proposed	reaction	mechanism	via	Ni(II)/Ni(0)	for	the	carboxylation	of	vinyl	bromides.	
	
	
4.3.6.2.	Proposed	reaction	mechanism	for	carboxylation	of	alkyl	bromides	
	
Although	a	more	precise	mechanistic	picture	would	require	 further	 investigation,	 the	basic	observations	we	made	
throughout	 the	 optimization	 and	 the	 conducted	 mechanistic	 experiments	 helped	 us	 propose	 the	 catalytic	 cycle	
depicted	 in	 Scheme	 4.29.	 As	 previously	 proposed,	 Mn	 mediates	 the	 initial	 formation	 of	 catalytically	 active	 Ni(0)	
species	XX.	Oxidative	addition	of	the	corresponding	alkyl	bromide	to	Ni(0)	facilitated	through	alkyne-Ni	coordination	
might	 give	 rise	 to	 alkyl-Ni	 intermediate	 XX.	 This	 intermediate	 should	 undergo	 rapid	 syn-carbonickelation	 to	 form	
intermediate	XX.	Although	this	intermediate	could	also	be	formed	through	Ni-mediated	single	electron	transfer	(SET),	
6-exo-dig	radical-cyclization,27	and	recombination	with	the	formed	vinyl-radical	species,	the	observation	of	β-hydride	
elimination	 byproducts	 along	 the	 optimization	 and	 scope	 indicates	 that	 alkyne	 directed	 oxidative	 addition	 is	 faster	
than	 radical-cyclization.	 Subsequent	 vinyl-Ni	 E-Z	 isomerization	 via	 Ni-carbene	 XX	 should	 form	 intermediate	 XX	 in	
which	 the	 Ni-center	 is	 in	 the	 right	 position	 to	 undergo	 1,4-migration.
42
	 The	 carboxylation	 of	 these	 vinyl-Ni	
intermediates	explains	the	formation	of	carboxylic	acid	byproducts	XX.	Alternatively,	1,4-Ni	migration	to	form	aryl-Ni	
intermediate	 XX,	 followed	 by	 CO2	 insertion	 forms	 Ni-carboxylate	 XX	 which	 can	 undergo	 final	 reductive	
transmetalation	to	form	manganese	carboxylate	XX	and	regenerate	the	initial	Ni(0)	species	XX.	Finally,	quenching	of	
XX	with	a	proton	source	affords	the	final	carboxylic	acid	XX.		
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Scheme	4.29.	Proposed	reaction	mechanism	via	Ni(II)/Ni(0)	for	the	carboxylation	of	alkyl	bromides.	
	
4.4.	Conclusions	
	
In	summary,	we	have	documented	the	first	catalytic	1,4-nickel	migration
25
	from	a	vinylic	position	into	an	aryl	sp
2
	C-H	
bond	 followed	 by	 subsequent	 insertion	 of	 CO2,	 representing	 a	 new	 strategy	 for	 metal	 catalyzed	 sp
2
	 C-H	
carboxylation.
5-19
	 Through	 the	 optimization	 of	 the	 reaction	 conditions	we	 discovered	 the	 feasibility	 of	 this	 process	
employing	a	Ni-precatalyst	containing	a	novel	bipyridine	ligand,	minimal	amount	of	a	MnCr	alloy	as	a	reducing	agent	
and	DMF	 as	 solvent.	Due	 to	 the	mild	 reaction	 conditions	 associated	with	 cross-electrophile	 couplings,	 an	 exquisite	
chemoselectivity	 profile	 was	 observed.	 Additionally,	 the	 1,4-migration	 was	 studied	 in	 the	 context	 of	 a	 cascade	
processes,	allowing	for	the	synthesis	of	complex	(hetero)cyclic	aryl	carboxylic	acids	from	unactivated	alkyl	bromides.	
These	products	could	be	 further	 transformed	 into	phthalides,	 isochromenones	and	 isochromanones	by	reacting	 the	
generated	 alkene	 and	 carboxylic	 acid	 functionality	 under	 different	 conditions.	 As	 expected,	 simpler	 vinyl	 bromides	
also	 underwent	 the	 corresponding	 1,4-migration	 process	 successfully.	 Mechanistic	 experiments	 with	 a	 fully	
deuterated	substrate	evidenced	 the	migration	of	 the	Ni	 center	 from	a	vinyl	 sp
2
	position	 into	an	aryl	C(sp
2
)-D	bond.	
Additionally,	 an	 intramolecular	 experiment	 with	 a	 partially	 deuterated	 substrate	 demonstrated	 the	 existence	 of	 a	
primary	KIE	for	this	process.	Finally,	stoichiometric	experiments	with	 isolated	and	characterized	vinyl-	and	aryl-Ni(II)	
oxidative	addition	complexes	 XX	and	 XX	 supported	both	the	1,4-migration	and	the	carboxylation	occurred	via	Ni(II)	
intermediates.	These	results	gave	valuable	information	about	the	nature	of	this	elementary	step,	possibly	helping	to	
design	new	1,4-Ni	migration	intermolecular	reactions.	
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4.5.	Experimental	Procedures		
	
General	considerations:	
	
Reagents:	All	reactions	were	conducted	in	Schlenk	tubes.	Commercially	available	materials	were	used	without	further	
purification.	 (2-bromoethene-1,1,2-triyl)tribenzene	 (xx)	 was	 purchased	 from	 commercial	 sources.	 Anhydrous	 N,N-
dimethylacetamide	 (DMA)	 and	 N,N-dimethylformamide	 (DMF)	 were	 purchased	 from	 Acros	 Organics.	 Mn	 powder	
(99.99%	 trace	 metal	 basis),	 NiBr2·glyme	 (97%	 purity),	 NiBr2·diglyme	 (99.9%	 purity)	 and	 NiI2	 were	 purchased	 from	
Aldrich.	MnCr	alloy	 (88.8	%	Mn,	11.2	%	Cr)	was	obtained	as	a	gift	 from	professor	Albrecht	Berkessel	group.	Ligands	
were	synthesized	according	to	literature	procedures	(Lx-Lx).		
	
Analytical	 methods:	
1
H	NMR	 and	
13
C	 NMR	 spectra	 are	 included	 for	 all	 compounds.	
1
H	 and	
13
C	 NMR	 spectra	were	
recorded	on	a	Bruker	300	MHz,	a	Bruker	400	MHz	and	a	Bruker	500	MHz	at	20	ºC.	All	1H	NMR	spectra	are	reported	in	
parts	per	million	(ppm)	downfield	of	TMS	and	were	measured	relative	to	the	signals	for	CHCl3	(7.26	ppm)	and	DMSO	
(2.50	ppm).	All	
13
C	NMR	spectra	were	 reported	 in	ppm	 relative	 to	 residual	CHCl3	 (77	ppm),	DMSO	 (39,5	ppm)	and	
were	obtained	with	
1
H	decoupling.	Coupling	constants,	J,	are	reported	in	hertz.	Melting	points	were	measured	using	
open	glass	capillaries	in	a	Büchi	B540	apparatus.	Infrared	spectra	were	recorded	on	a	Bruker	Tensor	27.	Mass	spectra	
were	recorded	on	a	Waters	LCT	Premier	spectrometer.	High	Pressure	Liquid	Chromatographic	 (HPLC)	analyses	were	
performed	 on	 Agilent	 Technologies	 Model	 1260	 Infinity	 HPLC	 chromatography	 instrument	 equipped	 with	 Agilent	
Eclipse	Plus	C18	(3.5	um,	4.6	x	100	mm)	column	and	UV/V	is	detector.	Flash	chromatography	was	performed	with	EM	
Science	 silica	 gel	 60	 (230-400	mesh)	 and	using	bromocresol,	 potassium	permanganate,	or	 cerium	molibdate	as	 TLC	
stains.	 The	 yields	 reported	 in	 tables	 XX	 and	 XX	 refer	 to	 isolated	 yields	 and	 represent	 an	 average	 of	 at	 least	 two	
independent	 runs.	 The	 procedures	 described	 in	 this	 section	 are	 representative.	 Thus,	 the	 yields	may	 differ	 slightly	
from	those	given	in	the	tables	of	the	manuscript.	
	
Optimization	details:	
	
General	 procedure.	An	oven-dried	 schlenk	 tube	containing	a	 stirring	bar	was	charged	with	MnCr	alloy	 (0.25	mmol,	
13.7	mg,	1.25	equiv),	NiBr2·diglyme	(0.02	mmol,	7.1	mg,	10	mol%)	and	Lx	(0.04	mmol,4.8	mg,	20	mol%).	The	schlenk	
tube	was	evacuated	and	back-filled	under	CO2	flow	for	at	least	3	times.	The	corresponding	alkyl	bromide	X	(0.2	mmol)	
and	 DMF	 (0.2	M,	 1.0	mL)	 were	 added	 under	 CO2	 flow.	 Once	 added,	 the	 schlenk	 tube	was	 closed	 at	 atmospheric	
pressure	of	CO2	(1	atm)	and	stirred	for	12	hours	at	15	ºC.	The	mixture	was	quenched	with	2M	HCl	to	hydrolyze	the	
resulting	 carboxylate	 and	 diluted	 with	 AcOEt.	 1,3,5-trimethoxybenzene	 (33.6	 mg,	 0.2	 mmol)	 was	 then	 added	 as	
internal	 standard	and	 the	mixture	 stirred	vigorously.	A	 sample	of	 such	obtained	solution	was	 filtered	 through	silica	
washing	 with	 AcOEt,	 concentrated	 under	 vacuum,	 and	 the	 yield	 and	 selectivity	 was	 quantified	 by	 quantitative	
1
H	
NMR.	Eventually,	the	mixture	was	purified	by	column	chromatography	on	silica	gel	(hexanes/AcOEt	10/1	followed	by	
hexanes/AcOEt	 3/1	 alternatively	 hexanes/AcOEt	 7/1	 with	 1	 %	 formic	 acid	 can	 be	 used)	 to	 deliver	 the	 expected	
product.	
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Synthesis	of	Lx,	Lx	and	NiBr2(Lx)2:	
	
	
	
6-methyl-2,2'-bipyridine	 (Lx).	 The	 synthesis	 of	 Lx	 was	 carried	 out	 following	 an	 exact	 experimental	 procedure	
described	in	the	literature.
43
	Methyl	lithium	(1.6	M	in	Et2O,	32	ml,	51	mmol,	1.0	equiv)	was	added	slowly	to	a	solution	
of	2,2-bipyridine	(8.0	g,	51	mmol,	1.0	equiv)	in	dry	Et2O	(200	ml)	at	0ºC.	The	resulting	red	solution	was	heated	to	reflux	
for	12	hours,	cooled	to	room	temperature,	quenched	with	brine,	extracted	three	times	with	Et2O,	dried	over	MgSO4	
and	the	residue	concentrated	under	reduced	pressure.	This	residue	was	dissolved	in	acetone	(50	ml)	and	a	solution	of	
KMnO4	was	added	slowly	until	the	reaction	remained	purple.	The	solution	was	filtered	through	a	Celite	plug	washing	
with	 CH2Cl2,	 the	 solvent	 removed	 under	 vacuum	 and	 purification	 by	 flash	 column	 chromatography	 on	 silica	 gel	
(hexanes/AcOEt	9/)	afforded	Lx	in	40%	yield	(3.4	g,	20	mmol).	The	spectroscopic	data	correspond	to	those	previously	
reported	in	the	literature.
43
	
1
H	NMR	(400	MHz,	CDCl3)	δ	8.65	(ddd,	J	=	4.8,	1.8,	0.9	Hz,	1H),	8.38	(dt,	J	=	8.0,	1.1	Hz,	1H),	
8.15	(dt,	J	=	7.8,	0.8	Hz,	1H),	7.76	(td,	J	=	7.7,	1.8	Hz,	1H),	7.66	(t,	J	=	7.7	Hz,	1H),	7.25	(ddd,	J	=	7.5,	4.8,	1.2	Hz,	1H),	7.13	
(dd,	J	=	7.7,	1.0	Hz,	1H),	2.61	(s,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	158.0,	156.5,	155.6,	149.2,	137.1,	136.9,	123.5,	
123.3,	121.2,	118.1,	24.7	ppm.	
	
	
6-methyl-4-(trifluoromethyl)-2,2'-bipyridine	(Lx).		
	
	
	
-Synthesis	of	6-methyl-4-(trifluoromethyl)pyridin-2(1H)-one:	the	synthesis	of	this	precursor	was	carried	out	following	
an	exact	experimental	procedure	described	in	the	literature.
44
	Following	this	procedure	the	product	was	obtained	in	
62%	yield	over	two	steps	(16.2	g,	91	mmol).
44
	The	spectroscopic	data	correspond	to	those	previously	reported	in	the	
literature.
44
	
1
H	NMR	(400	MHz,	CDCl3)	δ	6.67	(s,	1	H),	6.22	(s,	1H),	2.42	(s,	3	H)	ppm.
13
C	NMR	(101	MHz,	CDCl3)	δ	165.5,	
148.2,	143.7	(q,	J	=	33	Hz),	122.4	(q,	J	=	274	Hz),	114.2	(q,	J	=	4.0	Hz),	101.8	(q,	J	=	3.0	Hz),	19.3	ppm.	
	
-Synthesis	of	the	triflate:	to	6-methyl-4-(trifluoromethyl)pyridin-2(1H)-one	(5	g,	28.2	mmol,	1.0	equiv)	in	dry	pyridine	
(10	ml)	at	0	ºC	was	rapidly	added	trifluoroacetic	anhydride	(5.8	ml,	34.4	mmol,	1.22	equiv).	The	solution	is	stirred	at	0	
ºC	for	20	min	and	then	poured	into	a	separatory	funnel	with	water	(80	ml).	The	mixture	is	extracted	three	times	with	
CH2Cl2,	dried	over	MgSO4,	filtered	and	the	solvent	evaporated	under	reduced	pressure	to	afford	the	crude	triflate	in	
83%	yield	(7.23	g,	23.3	mmol).	This	compound	was	used	in	the	next	step	without	further	purification.	
	
-Synthesis	of	the	zincate:	to	a	round	bottomed	flask	containing	THF	(85	ml)	at	-78	ºC	was	added	tBuLi	(1.7	M,	32	ml,	
55.45	mmol,	2.37	equiv)	 in	hexane	followed	by	dropwise	addition	of	2-bromopyridine	(4.51	g,	28.5	mmol,	1.22	eq).	
After	stirring	at	-78	ºC	for	30	minutes,	ZnCl2	(8.54	g,	62.7	mmol,	2.68	equiv)	was	added	and	the	reaction	warmed	to	
room	temperature	and	stirred	for	2	hours.		
                                                
43
	E.	Serrano,	R.	Martin,	Angew.	Chem.	Int.	Ed.	2016,	55,	11207.	
44
	T.	Güden-Silber,	K.	Klein	M.	Seitz,	Dalton	Trans.,	2013,	42,	13882.	
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-Synthesis	of	Lx	through	Negishi-coupling:	to	the	solution	containing	the	zincate,	the	triflate	(7.23	g,	23.4	mmol,	1.0	
equiv),	LiCl	(4.0	g,	51.4	mmol,	2.2	equiv)	and	a	THF	solution	(20	ml)	of	Pd(dba)3	(749	mg,	0.81	mmol,	0.035	equiv)	and	
PPh3	(1.69	g,	6.46	mmol,	0.28	equiv)	were	added.	The	reddish-brown	reaction	mixture	is	heated	to	reflux	for	15	hours.	
After	 cooling	 an	 aqueous	 solution	 of	 EDTA	 was	 added	 and	 the	 reaction	 stirred	 for	 5	 minutes.	 The	 reaction	 is	
transferred	 to	a	 separatory	 funnel,	 the	pH	adjusted	 to	8	with	NaHCO3	and	 the	basic	mixture	extracted	 three	 times	
with	CH2Cl2.	The	organic	phase	is	dried	over	MgSO4,	filtered,	the	solvent	removed	under	vacuum	and	purification	by	
flash	column	chromatography	on	silica	gel	(hexanes/AcOEt	50/1	to	40/1)	afforded	Lx	in	68%	yield	(3.8	g,	15.9	mmol).	
Pale	yellow	oil.	
1
H	NMR	(400	MHz,	CDCl3)	δ	8.74	–	8.67	(m,	1H),	8.48	–	8.44	(m,	2H),	7.83	(td,	J	=	7.7,	1.8	Hz,	1H),	7.37	
(dt,	J	=	1.5,	0.7	Hz,	1H),	7.36	–	7.33	(m,	1H),	2.71	(s,	3H).	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	159.5,	157.1,	155.2,	149.4,	
139.7	(q,	J	=	33.7	Hz),	137.1,	124.4,	123.3	(q,	J	=	273.3	Hz),	121.5,	118.7	(q,	J	=	3.6	Hz),	114.1	(q,	J	=	3.7	Hz),	24.8	ppm.	
19
F	NMR	(376	MHz,	CDCl3)	δ	-64.44	ppm.	IR	(neat,	cm
-1
):	1587,	1570,	1450,	1409,	1384,	1359,	1264,	1233,	1166,	1129,	
1099,	1046,	1033,	995,	912,	875,	839,	793,	744,	713,	661,	621.	HRMS	calcd.	for	(C12H10F3N2)	[M+H]
+
:	239.0791	found	
239.0802.	
	
Synthesis	 of	 NiBr2(Lx)2:	NiBr2	 glyme	 (1.81	 g,	 5.87	mmol,	 1.0	 equiv)	
was	 suspended	 in	 dry	 THF	 (15	 ml)	 in	 a	 round	 bottomed	 inside	 a	
glovebox.	Lx	 (2.94	g,	12.3	mmol,	2.1	equiv)	was	then	directly	added	
and	 the	 reaction	 stirred	 at	 40	 ºC	 for	 24	 hours.	 A	 light	 green	
precipitate	formed,	which	was	filtered	and	washed	with	THF	(5	ml	x	
3)	 followed	by	Et2O.	 The	green	 solid	was	 collected	and	dried	under	
vacuum,	 allowing	 the	 isolation	 of	 NiBr2(Lx)2	 in	 93	 %	 (3.79	 g,	 5.46	
mmol).	 Suitable	 crystals	 for	 X-Ray	 analysis	 were	 obtained	 by	 slow	
evaporation	of	a	CH2Cl2	solution	of	the	nickel	complex.	Pale	green	solid.	M.P.	=	293-297	
o
C.	IR	(neat,	cm
-1
):	3109,	3023,	
2871,	1574,	1446,	1427,	1387,	1365,	1286,	1246,	1186,	1124,	1063,	1020,	912,	792,	715,	666.	
	
Ni
Br
Br
N
N
CF3
N
N
CF3
Me
Me
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Synthesis	of	the	starting	materials:	
	
General	procedures:	
	
	
	
	 	
Br
OH Br
R
General Procedure A:
I
R Br
R
General Procedure B:
OH
H
O
Ph
Br
Ph
RMgBr
R
OH
Ph
General Procedure C:
Br
OH
R
Br
OH
O
Br
Br
Ph
I
Br
General Procedure D:
OH
R RR PhOH
Br Si Br
R1
Br
I
General Procedure E:
R1
R1
Si
R2
Cl Cl
R2 R2 R2
OLi
EtO
General Procedure F:
Ph
O OMe
ArMgBr Ph
Ar
OH
Ar
Br2
AcOH
Ph
ArAr
Br
Ph
TMS
 BH3 THF
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General	procedure	A:	
	
	
	
Step	1.	This	step	was	carried	out	following	an	exact	experimental	procedure	described	in	the	literature.
45
	To	a	stirred	
solution	of	3-(2-bromophenyl)propanoic	acid	(30	g,	131	mmol,	1.0	equiv)	in	THF	(200	ml)	at	0	ºC	was	added	a	solution	
of	BH3 THF	(178	ml,	178	mmol,	1M,	1.36	equiv).	At	this	point	the	reaction	was	warmed	to	room	temperature	and	let	
to	 stir	 for	 20	 min.	 Then	 the	 reaction	 is	 refluxed	 for	 1	 hour,	 quenched	 slowly	 by	 the	 addition	 of	 H2O	 (260	 ml),	
concentrated	 under	 vacuum	 and	 diluted	 in	 Et2O	 (150	 ml).	 The	 solution	 is	 transferred	 to	 a	 separatory	 funnel	 and	
washed	twice	with	an	aqueous	saturated	solution	of	Na2CO3,	dried	over	MgSO4	and	concentrated	under	vacuum.	The	
crude	product	was	obtained	with	enough	purity	in	90%	yield	(25.3	g,	117	mmol)	and	was	used	in	the	next	step	without	
further	purification.	The	spectroscopic	data	correspond	to	those	previously	reported	in	the	literature.
45
	
1
H	NMR	(500	
MHz,	CDCl3)	δ	7.55	–	7.48	(m,	1H),	7.25	–	7.22	(m,	2H),	7.11	–	7.02	(m,	1H),	3.70	(t,	J	=	6.4	Hz,	2H),	2.98	–	2.59	(m,	2H),	
1.99	–	1.81	(m,	2H),	1.47	(s,	1H)	ppm.	
13
C	NMR	(126	MHz,	CDCl3)	δ	141.1,	132.8,	130.4,	127.6,	127.5,	124.4,	62.1,	32.8,	
32.4.	ppm	
	
Step	2.	This	step	was	carried	out	following	a	modified	experimental	procedure	described	in	the	literature.
46
	A	round	
bottomed	 flask	 was	 charged	 with	 the	 crude	 compound	 from	 step	 1	 (5	 mmol,	 1.1	 g,	 1.0	 equiv)	 and	 a	 previously	
prepared	mixture	of	 palladium	 (0.5	mol	%	 in	Na2PdCl4,	 CuI,	 [(t-Bu)3P]HBF4,	 4	 :	 3	 :	 8	molar	 ratio	dispersed	 in	H2N(i-
Pr)2Br).	The	flask	was	evacuated	and	back-filled	with	argon	three	times	and	the	alkyne	(6	mmol,	1.2	equiv)	and	HN(i-
Pr)2	(5	ml)	were	subsequently	added.	The	reaction	was	heated	to	80	ºC	for	15	minutes	and	immediate	formation	of	
the	 ammonium	 salt	was	 observed	 at	 this	 temperature.	 The	 reaction	was	 then	 let	 to	 reach	 room	 temperature	 and	
filtered	through	Celite	washing	with	Et2O.		
	
Step	3.	A	round	bottomed	flask	was	charged	with	the	crude	alcohols	from	step	2,	PPh3	(1.57	g,	6.0	mmol,	1.2	equiv),	
dissolved	in	DCM	(10	ml)	and	cooled	to	0	ºC.	A	solution	of	CBr4	(1.99	g,	6.0	mmol,	1.2	equiv)	in	DCM	(8	ml)	was	added	
dropwise	 at	 0	 ºC	 and	 the	 reactions	were	 stirred	 at	 room	 temperature	 for	 12	hours.	 The	 residue	was	 concentrated	
under	vacuum	and	purification	by	flash	column	chromatography	on	silica	gel	afforded	the	primary	alkyl	bromides.	
	
General	procedure	B:	
	
	
	
Step	1.	This	step	was	carried	out	following	a	modified	experimental	procedure	described	in	the	literature.
46
	A	round	
bottomed	flask	was	charged	with	1	(140	mmol,	30	g,	1.0	equiv)	and	a	previously	prepared	mixture	of	palladium	(0.5	
mol	%	 in	Na2PdCl4,	CuI,	 [(t-Bu)3P]HBF4,	4	 :	3	 :	8	molar	 ratio	dispersed	 in	H2N(i-Pr)2Br).	The	 flask	was	evacuated	and	
back-filled	 with	 argon	 three	 times	 and	 trimethylsilylacetylene	 (168	 mmol,	 1.2	 equiv)	 and	 HN(i-Pr)2	 (150	 ml)	 were	
subsequently	added.	The	reaction	was	heated	to	80	ºC	 for	15	minutes	and	 immediate	 formation	of	 the	ammonium	
salt	was	 observed	 at	 this	 temperature.	 The	 reaction	was	 then	 let	 to	 reach	 room	 temperature	 and	 filtered	 through	
                                                
45
	P.	Beak,	G.	W.	Selling,	J.	Org.	Chem.,	1989,	54,	5574.	
46
	A.	Köllhofer,	H.	Pleino,	Adv.	Synth.	Catal.	2005,	347,	1295.	
Br
OH
Br
OH
O 1)  BH3   THF 
(1.36 equiv)
THF, 0ºC
90% yield
2)  Pd (0.5 mol%)
Na2PdCl4, [P(t-Bu)3] HBF4, CuI
NH(i-Pr)2, 80 ºC, 15 min
3) CBr4 (1.2 equiv)
PPh3 (1.2 equiv)
DCM, rt, 12h
R
Br
R
(1.05 equiv)
+
Br
OH
+
TMS
1)  Pd (0.5 mol%)
Na2PdCl4, [P(t-Bu)3] HBF4, CuI
NH(i-Pr)2, 80 ºC, 15 min OH
H
2) TBAF, THF, 15 min
86% yield
+
I
R
3)  Pd (1 mol%)
PdCl2(PPh3)2 : CuI (1 : 2)
THF, Et3N (3 equiv), rt, 12h
4) CBr4 (1.2 equiv)
PPh3 (1.2 equiv)
DCM, rt, 12h
Br
R
(1.2 equiv)
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Celite	washing	with	 Et2O.	 The	 residue	was	 concentrated	 under	 vacuum	 and	 used	 in	 the	 next	 step	without	 further	
purification.	
	
Step	2.	A	round	bottomed	flask	was	charged	with	the	crude	alcohols	from	step	1	dissolved	in	Et2O	(140	ml).	A	1	molar	
solution	of	TBAF	in	THF	(168	ml,	168	mmol,	1.2	equiv)	was	added	dropwise	and	the	reaction	stirred	for	15	minutes.	
The	reaction	was	quenched	with	H2O	(150	ml),	extracted	three	times	with	EtOAc	and	the	organic	phase	washed	with	
brine	and	dried	over	MgSO4.	The	 solvent	was	 removed	under	vacuum	and	 the	 crude	product	was	obtained	 in	86%	
yield	 (19.2	 g,	 120	 mmol)	 and	 was	 used	 in	 the	 next	 step	 without	 further	 purification.	 The	 spectroscopic	 data	
correspond	to	those	previously	reported	in	the	literature.
47
	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.51	(dd,	J	=	7.7,	1.4	Hz,	1H),	
7.31	(td,	J	=	7.5,	1.5	Hz,	1H),	7.27	–	7.24	(m,	1H),	7.19	(td,	J	=	7.5,	1.5	Hz,	1H),	3.70	(t,	J	=	6.4	Hz,	2H),	3.29	(s,	1H),	2.98	–	
2.75	 (m,	2H),	2.04	–	1.88	 (m,	2H),	1.57	 (s,	1H)	ppm.	
13
C	NMR	(126	MHz,	CDCl3)	δ	144.5,	133.0,	129.0,	128.9,	125.9,	
121.5,	82.5,	80.8,	62.1,	33.5,	30.5	ppm	
	
Step	 3.	 A	 round	 bottomed	 flask	was	 charged	with	 the	 crude	 alcohols	 from	 step	 2	 (810.0	mg,	 5	mmol,	 1.0	 equiv),	
PdCl2(PPh3)2	(35.5	mg,	0.05	mmol,	1	mol%),	CuI	(19.0	mg,	0.1	mmol),	dissolved	in	THF	(20	ml)	and	evacuated	and	back-
filled	with	argon	three	times.	The	corresponding	aryl	 iodide	(5.25	mmol,	1.05	equiv)	and	Et3N	(2.1	ml,	15	mmol,	3.0	
equiv)	were	subsequently	added	and	the	reaction	stirred	at	room	temperature	for	12	hours.	The	reaction	was	filtered	
through	 Celite	washing	with	 Et2O	 and	 the	 residue	 concentrated	 under	 vacuum	 and	 used	 in	 the	 next	 step	without	
further	purification.		
	
Step	4.	A	round	bottomed	flask	was	charged	with	the	crude	alcohols	from	step	3,	PPh3	(1.57	g,	6.0	mmol,	1.2	equiv),	
dissolved	in	DCM	(10	ml)	and	cooled	to	0	ºC.	A	solution	of	CBr4	(1.99	g,	6.0	mmol,	1.2	equiv)	in	DCM	(8	ml)	was	added	
dropwise	at	0	ºC	and	 the	 reactions	stirred	at	 room	temperature	 for	12	hours.	The	 residue	was	concentrated	under	
vacuum	and	purification	by	flash	column	chromatography	on	silica	gel	afforded	the	primary	alkyl	bromides.	
	
General	procedure	C:	
	
	
	
Step	1.	A	round	bottomed	flask	was	charged	with	PCC	(14.8	g,	69	mmol,	1.5	equiv),	Celite	(14.8	g)	and	the	solids	were	
suspended	 in	 DCM	 (80	 ml).	 Then	 3-(2-(phenylethynyl)phenyl)propan-1-ol	 (8.0	 g,	 34	 mmol,	 1.0	 equiv)	 was	 added	
dropwise	ever	15	minutes	and	the	reaction	let	to	stir	for	4	hours.	The	reaction	was	then	filtered	through	basic	alumina	
and	 Celite	 washing	 with	 Et2O.	 The	 residue	 was	 concentrated	 under	 vacuum	 and	 purification	 by	 flash	 column	
chromatography	on	silica	gel	(hexanes/AcOEt	40/1	to	20/1)	afforded	the	aldehyde	in	81%	yield	(6.3	g,	26.8	mmol).	The	
spectroscopic	data	correspond	to	those	previously	reported	in	the	literature.
48
	
1
H	NMR	(500	MHz,	CDCl3)	δ	9.86	(t,	J	=	
1.5	Hz,	1H),	7.56	–	7.48	(m,	3H),	7.39	–	7.34	(m,	3H),	7.30	–	7.20	(m,	3H),	3.20	(t,	J	=	7.6	Hz,	2H),	2.93	–	2.82	(m,	2H)	
ppm.
13
C	NMR	 (126	MHz,	 CDCl3)	 δ	 201.7,	 142.5,	 132.5,	 131.6,	 129.1,	 128.8,	 128.6	 (left),	 128.6	 (right),	 126.6,	 123.3,	
122.8,	93.9,	87.7,	44.6,	27.5	ppm.	
	
Step	2.	A	round	bottomed	flask	was	charged	with	the	product	from	step	1	(1.4	g,	6	mmol,	1.0	equiv),	Et2O	(7.2	ml)	and	
cooled	 to	 -40	 ºC.	Then	 the	alkyl	Grignard	 reagent	 (7.2	mmol,	1.2	equiv)	was	added	dropwise	and	 the	 reaction	was	
stirred	for	2	hours	at	-40	ºC	and	30	minutes	at	room	temperature.	Then	the	reaction	was	quenched	with	a	saturated	
NH4Cl	aqueous	solution	and	extracted	three	times	with	Et2O.	The	residue	was	concentrated	under	vacuum	and	used	in	
the	next	step	without	further	purification.		
	
                                                
47
	T.	Cai,	Y.	Yang,	W.-W.Li,	W.-B.	Qin,	T.-B.	Wen,	Chem.	Eur.	J.	2018,	24,	1606.	
48
	M.	Jash,	B.	Das,	S.	Sen,	C.	Chowdhury,	Synthesis,	2018,	50,	1511.	
OH O
DCM, rt, 4h
Ph Ph
1) PCC (2.1 equiv) + 2)  -40 ºC to rt, Et2O
3) CBr4 (1.2 equiv)
PPh3 (1.2 equiv)
DCM, rt, 12h
Br
Ph
(1.2 equiv)
RMgBr
R
81% yield
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Step	3.	A	round	bottomed	flask	was	charged	with	the	crude	alcohols	from	step	2,	PPh3	(1.89	g,	7.2	mmol,	1.2	equiv),	
dissolved	 in	DCM	(12	ml)	and	cooled	 to	0	 ºC.	A	 solution	of	CBr4	 (2.39	g,	7.2	mmol,	1.2	equiv)	 in	DCM	(9.6	ml)	was	
added	 dropwise	 at	 0	 ºC	 and	 the	 reactions	 were	 stirred	 at	 room	 temperature	 for	 12	 hours.	 The	 residue	 was	
concentrated	 under	 vacuum	 and	 purification	 by	 flash	 column	 chromatography	 on	 silica	 gel	 (hexanes)	 afforded	 the	
secondary	alkyl	bromides.	
	
General	procedure	D:	
	
	
	
Step	1.	This	step	was	carried	out	following	a	modified	experimental	procedure	described	in	the	literature.	A	schlenk	
flask	was	charged	with	TBAC	(4.6	g,	14.2	mmol,	1.0	equiv),	NaHCO3	(3.0	g,	85.2	mmol,	2.5	equiv),	Pd(OAc)2	(160	mg,	
0.71	mmol,	5	mol%)	and	dry	DMF.	Then	the	corresponding	aryl	iodide	(4.5	g,	14.2	mmol,	1.0	equiv)	was	added,	allyl	
alcohol	(1.4	ml,	20.6	mmol,	1.45	equiv),	and	the	reaction	was	heated	to	40	ºC	for	14	hours	and	to	60	ºC	for	5	hours.	
The	reaction	mixture	was	diluted	with	Et2O,	filtered	and	concentrated,	dissolved	in	90	ml	(hexane:	Et2O	1:2),	washed	
three	times	with	H2O	(30	ml),	brine,	dried	over	MgSO4	and	concentrated	under	vacuum.	Purification	of	the	residue	by	
flash	column	chromatography	on	silica	gel	(hexanes/Et2O	2/1)	afforded	the	aldehyde	with	enough	purity	as	judged	by	
1
H	NMR	and	directly	used	in	the	next	step.	
	
Step	2.	A	round	bottomed	flask	was	charged	with	the	product	from	step	1	dissolved	in	MeOH	(15	ml)	and	cooled	to	0	
ºC.	Then	NaBH4	(2.0	equiv)	was	added	very	slowly	to	this	solution	and	the	reaction	stirred	for	30	min.	The	reaction	
was	 let	 to	warm	 to	 room	temperature	and	 stirred	 for	5	hours.	The	 reaction	was	quenched	slowly	with	a	 saturated	
NH4Cl	aqueous	solution,	extracted	three	times	with	EtOAc,	washed	with	brine	and	dried	over	MgSO4.	The	residue	was	
concentrated	under	vacuum	and	used	in	the	next	step	without	further	purification.		
	
Step	3.	This	step	was	carried	out	following	a	modified	experimental	procedure	described	in	the	literature.
46
	A	round	
bottomed	 flask	was	 charged	with	 the	 crude	 compound	 from	step	2	 (5	mmol,	 1.0	equiv)	 and	a	previously	prepared	
mixture	of	palladium	(0.5	mol	%	 in	Na2PdCl4,	CuI,	 [(t-Bu)3P]HBF4,	4	 :	3	 :	8	molar	ratio	dispersed	 in	H2N(i-Pr)2Br).	The	
flask	was	evacuated	and	back-filled	with	argon	three	times	and	the	ethynylbenzene	(6	mmol,	1.2	equiv)	and	HN(i-Pr)2	
(5	ml)	were	subsequently	added.	The	reaction	was	heated	to	80	ºC	for	15	minutes	and	 immediate	formation	of	the	
ammonium	salt	was	observed	at	this	temperature.	The	reaction	was	then	let	to	reach	room	temperature	and	filtered	
through	Celite	washing	with	Et2O.		
	
Step	4.	A	round	bottomed	flask	was	charged	with	the	crude	alcohols	from	step	3,	PPh3	(1.57	g,	6.0	mmol,	1.2	equiv),	
dissolved	in	DCM	(10	ml)	and	cooled	to	0	ºC.	A	solution	of	CBr4	(1.99	g,	6.0	mmol,	1.2	equiv)	in	DCM	(8	ml)	was	added	
dropwise	 at	 0	 ºC	 and	 the	 reactions	were	 stirred	 at	 room	 temperature	 for	 12	hours.	 The	 residue	was	 concentrated	
under	vacuum	and	purification	by	flash	column	chromatography	on	silica	gel	afforded	the	primary	alkyl	bromides.	
	
General	procedure	E:	
	
	
Br
I
Br
OH
R R
OH+
1)  Pd(OAc)2, (5.0 mol%)
NaHCO3 (2.5 equiv)
TBAC (1.0 equiv)
DMF, 60 ºC, 12h
(3.0 equiv)
2)  NaBH4 (2.0 equiv)
MeOH, rt, 5h
3)  Pd (0.5 mol%)
Na2PdCl4, [P(t-Bu)3] HBF4, CuI
NH(i-Pr)2, 80 ºC, 15 min
4) CBr4 (1.2 equiv)
PPh3 (1.2 equiv)
DCM, rt, 12h
Br
Ph
R
Ph
+
I (1.2 equiv)
+ Ph
Br Br
Ph
1)  Pd (1 mol%)
PdCl2(PPh3)2 : CuI (1 : 2)
THF, Et3N (3 equiv), rt, 12h
90% yield
Si
Br
R1
R2 R2OLi
EtO
2)  nBuLi (1.2 equiv),
(R2)2SiCl2 (2.0 equiv)
3)                 ,  THF, -78 ºC
4)  LiAlH4 (1.1 equiv)
Et2O, rt, 5h
5) CBr4 (1.2 equiv)
PPh3 (1.2 equiv), DCM, rt, 12h
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Step	1.	A	round	bottomed	flask	was	charged	with	1-bromo-2-iodobenzene	(14.1	mg,	50	mmol,	1.0	equiv),	PdCl2(PPh3)2	
(350	mg,	0.5	mmol,	1	mol%),	CuI	(190	mg,	1	mmol),	dissolved	in	THF	(30	ml)	and	evacuated	and	back-filled	with	argon	
three	times.	The	corresponding	alkyne,	in	this	case	ethynylbenzene	(60	mmol,	1.2	equiv)	and	Et3N	(21	ml,	150	mmol,	
3.0	 equiv)	were	 subsequently	 added	 and	 the	 reaction	 stirred	 at	 room	 temperature	 for	 12	 hours.	 The	 reaction	was	
filtered	through	Celite	washing	with	Et2O	and	the	residue	concentrated	under	vacuum.	Purification	by	 flash	column	
chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 100/1)	 afforded	 the	 product	 in	 90%	 yield	 (11.6	 g,	 45	 mmol).	 The	
spectroscopic	data	correspond	to	those	previously	reported	in	the	literature.
49
	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.62	–	7.52	
(m,	4H),7.37	–	7.33	(m,	3H),	7.27	(td,	J=	7.8,	1.2	Hz,	1H),	7.15	(td,	J=	7.8,1.8	Hz,	1H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	
133.3,	132.5,	131.7,	129.4,	128.7,	128.4,	127.1,	125.7,	125.5,	123.0,	94.0,	88.1	ppm.	
	
Step	 2.	 This	 step	 was	 carried	 out	 following	 a	 modified	 experimental	 procedure	 described	 in	 the	 literature.
50
	To	 a	
solution	of	the	pure	product	from	step	1	(15	mmol,	1.0	equiv)	in	THF	(0.5	M)	was	added	n-butyllithium	(2.5	M,	7.2	ml,	
18	mmol,	1.2	equiv)	at	-78	ºC	over	30	minutes.	After	stirring	1	hour	at	-78ºC,	the	dialkyldichlorosilane	(30	mmol,	2.0	
equiv)	was	added	in	THF	(1	M).	After	stirring	at	-78	ºC	for	1	hour,	the	reaction	is	let	to	warm	to	room	temperature	and	
stirred	overnight.	The	solvent	was	evaporated,	and	the	reaction	quenched	with	hexane	to	 form	a	precipitate	which	
was	 filtered	 off.	 The	 filtrate	 was	 concentrated	 under	 reduced	 pressure	 and	 used	 in	 the	 next	 step	without	 further	
purification.		
	
Step	 3.	 To	 a	 solution	 of	 diisopropylamine	 (2.5	 ml,	 18	 mmol,	 1.2	 equiv)	 in	 THF	 (0.5	 M)	 under	 N2	 was	 added	 n-
butyllithium	(2.5	M,	7.2	ml,	18	mmol,	1.2	equiv)	at	0	ºC	and	the	reaction	stirred	for	15	min.	EtOAc	(1.8	ml,	18	mmol,	
1.2	equiv)	was	then	added	at	-78	ºC	and	the	reaction	stirred	for	30	minutes.	The	crude	product	from	step	2	(15	mmol,	
1.0	equiv)	is	then	added	at	-78	ºC	and	the	reaction	stirred	for	1.5	hours	at	this	temperature	and	then	30	minutes	at	
room	 temperature.	 A	 saturated	 solution	 of	 NH4Cl	 was	 added	 to	 quench	 the	 reaction	 and	 the	 organic	 layer	 was	
extracted	three	times	with	Et2O,	dried	over	MgSO4.	The	residue	was	concentrated	under	vacuum	and	purification	by	
flash	column	chromatography	on	silica	gel	(hexanes/AcOEt	20/1)	afforded	the	product	with	enough	purity	as	judged	
by	
1
H	NMR	and	directly	used	in	the	next	step.	
	
Step	4.	A	round	bottomed	flask	was	charged	with	the	product	from	step	3	(5.0	mmol,	1	equiv)	dissolved	in	Et2O	(10	
ml).	Then	LiAlH4	(208.4	mg,	5.5	mmol,	1.1	equiv)	was	added	slowly	to	this	solution	as	a	suspension	in	Et2O	(10	ml).	The	
reaction	was	 stirred	at	 room	 temperature	 for	1.5	hours,	 and	 then	 slowly	quenched	at	0ºC	with	water.	 The	organic	
layer	was	extracted	three	times	with	Et2O,	dried	over	MgSO4	and	the	residue	concentrated	under	vacuum	to	afford	
the	 desired	 alcohol	 with	 enough	 purity	 as	 judged	 by	
1
H	 NMR	 and	 directly	 used	 in	 the	 next	 step	 without	 further	
purification.	
	
Step	5.	A	round	bottomed	flask	was	charged	with	the	crude	alcohols	from	step	4,	PPh3	(1.57	g,	6.0	mmol,	1.2	equiv),	
dissolved	in	DCM	(10	ml)	and	cooled	to	0	ºC.	A	solution	of	CBr4	(1.99	g,	6.0	mmol,	1.2	equiv)	in	DCM	(8	ml)	was	added	
dropwise	 at	 0	 ºC	 and	 the	 reactions	were	 stirred	 at	 room	 temperature	 for	 12	hours.	 The	 residue	was	 concentrated	
under	vacuum	and	purification	by	flash	column	chromatography	on	silica	gel	afforded	the	primary	alkyl	bromides.	
	
General	procedure	F:	
	
	
	
The	vinyl	bromides	were	prepared	following	a	modified	two-step	experimental	procedure	described	in	the	literature.
	
51
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Step	1.	3-methyphenylmagnesium	bromide	(freshly	prepared	1	M	solution	in	THF,	26.6	mL,	26.6	mmol)	was	added	to	
a	solution	of	methyl	phenylacetate	(2.0	g,	12.0	mmol)	in	THF	(26	mL)	at	0	°C	and	stirred	at	room	temperature	for	90	
min.	Saturated	aqueous	NH4Cl	(5	mL)	was	added	to	the	reaction	mixture	at	0	°C	and	the	aqueous	phase	was	extracted	
with	ethyl	acetate	(3×10	mL).	The	combined	organic	layer	was	washed	with	brine	(15	mL)	and	dried	over	MgSO4.	The	
solvent	was	evaporated	and	the	residue	was	purified	by	silica	gel	column	chromatography	(hexanes/AcOEt	=	20/1)	to	
give	the	alcohol	with	enough	purity	as	judged	by	
1
H	NMR	and	directly	used	in	the	next	step.		
	
Step	2.	To	a	solution	of	the	above	obtained	alcohol	(907	mg,	3.0	mmol)	in	AcOH	(15	mL),	bromine	(162	µL,	3.15	mmol)	
was	added	at	room	temperature	and	stirred	for	2	h	at	the	same	temperature.	H2O	(5	mL)	was	added	and	the	reaction	
mixture	was	extracted	with	ethyl	acetate	(3×10	mL).	The	combined	organic	layers	were	washed	with	brine	(15	mL)	and	
dried	 over	MgSO4.	 The	 solvent	was	 evaporated	 and	 the	 residue	was	 purified	 by	 silica	 gel	 column	 chromatography	
(hexanes/AcOEt	=	20/1)	to	give	crude	2,2-bis(3-methylphenyl)-1-phenylvinyl	bromide.	Recrystallization	from	methanol	
gave	the	pure	product	(colorless	solid,	770	mg,	36%)	
	
Synthesis	of	unactivated	alkyl	and	vinyl	bromides:	
	
1-(3-bromopropyl)-2-(phenylethynyl)benzene	 (xx).	 Following	 general	 procedure	 A	 xx	 was	
obtained	in	76%	yield	over	steps	2	and	3.	Pale	yellow	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.57	–	7.50	
(m,	3H),	7.40	–	7.32	(m,	3H),	7.30	–	7.22	(m,	2H),	7.25	–	7.18	(m,	1H),	3.45	(t,	J	=	6.6	Hz,	2H),	3.03	
(t,	J	=	7.3	Hz,	2H),	2.33	–	2.24	(m,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	142.7,	132.5,	131.6,	129.3,	
128.6,	128.5,	128.4,	126.4,	123.5,	122.9,	93.4,	88.0,	33.5,	33.4,	33.3	ppm.	Pale	yellow	oil.	IR	(neat,	cm
-1
):	3106,	2957,	
1523,	 1481,	 1448,	 1355,	 1267,	 1238,	 1205,	 1077,	 940,	 869,	 835,	 777,	 754,	 689,	 623,	 561,	 485.	 HRMS	 calcd.	 for	
(C17H16Br)	[M+H]
+
:	299.0430	found	299.0433.	
	
1-(3-bromopropyl)-2-(o-tolylethynyl)benzene	 (xx).	 Following	 general	 procedure	 A	 xx	 was	
obtained	in	59%	yield	over	steps	2	and	3.	Yellow	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.59	–	7.51	(m,	
2H),	7.32	–	7.17	(m,	6H),	3.46	(t,	J	=	6.7	Hz,	2H),	3.06	(t,	J	=	7.5	Hz,	2H),	2.55	(s,	3H),	2.37	–	2.26	(m,	
2H)	 ppm.	
13
C	 NMR	 (126	MHz,	 CDCl3)	 δ	 142.4,	 140.0,	 132.7,	 132.1,	 129.6,	 129.2,	 128.6,	 128.5,	
126.4,	125.8,	123.2,	123.1,	92.4,	91.9,	33.4,	33.3,	33.3,	21.0	ppm.	IR	(neat,	cm
-1
):	3064,	3018,	2926,	2852,	1484,	1447,	
1349,	1235,	1205,	962,	888,	858,	754,	652,	563.	HRMS	calcd.	for	(C18H18Br)	[M+H]
+
:	313.0586	found	313.0584.	
	
1-(3-bromopropyl)-2-(3-cyclopentylprop-1-yn-1-yl)benzene	(xx).	Following	general	procedure	A	
xx	was	obtained	in	76%	yield	over	steps	2	and	3.	Orange	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.42	–	
7.37	(m,	1H),	7.22	–	7.19	(m,	2H),	7.17	–	7.12	(m,	1H),	3.42	(t,	J	=	6.7	Hz,	2H),	2.93	(t,	J	=	7.5	Hz,	
2H),	2.47	(d,	J	=	6.8	Hz,	2H),	2.27	–	2.09	(m,	3H),	1.92	–	1.82	(m,	2H),	1.73	–	1.54	(m,	4H),	1.42	–	1.32	(m,	2H)	ppm.	13C	
NMR	(126	MHz,	CDCl3)	δ	142.4,	132.5,	129.0,	127.7,	126.2,	123.8,	94.0,	79.1,	39.4,	33.5,	33.4,	33.2,	32.2,	25.5,	25.4	
ppm.	 IR	 (neat,	 cm
-1
):	 2948,	2864,	1484,	1449,	1270,	1236,	754.	HRMS	calcd.	 for	 (C17H22Br)	 [M+H]
+
:	 305.0899	 found	
305.0894.	
	
2-((2-(3-bromopropyl)phenyl)ethynyl)-1,3,5-trimethylbenzene	 (xx).	 Following	 general	
procedure	A	xx	was	obtained	 in	78%	yield	over	steps	2	and	3.	Pale	yellow	oil.	
1
H	NMR	(500	
MHz,	CDCl3)	δ	7.60	–	7.54	(m,	1H),	7.33	–	7.28	(m,	2H),	7.27	–	7.21	(m,	1H),	6.94	(s,	2H),	3.45	
(t,	J	=	6.7	Hz,	2H),	3.07	(t,	J	=	7.5	Hz,	2H),	2.53	(s,	6H),	2.34	–	2.30	(m,	5H)	ppm.	13C	NMR	(126	
MHz,	CDCl3)	δ	141.9,	140.1,	138.0,	132.6,	129.2,	128.3,	127.8,	126.4,	123.6,	120.2,	95.7,	91.4,	
33.4,	33.3,	33.2,	21.5,	21.3	ppm.	IR	(neat,	cm
-1
):	2916,	2853,	1609,	1488,	1435,	1375,	1269,	1238,	1034,	851,	753,	647,	
562,	507.	HRMS	calcd.	for	(C20H22Br)	[M+H]
+
:	341.0899	found	341.0906.	
	
1-(3-bromopropyl)-2-((2-fluorophenyl)ethynyl)benzene	 (xx).	 Following	 general	 procedure	 A	 xx	
was	obtained	in	74%	yield	over	steps	2	and	3.	Yellow	oil.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.59	–	7.52	
(m,	2H),	7.37	–	7.27	(m,	3H),	7.27	–	7.21	(m,	1H),	7.18	–	7.10	(m,	2H),	3.48	(t,	J	=	6.7	Hz,	2H),	3.06	
(t,	J	=	7.5	Hz,	2H),	2.36	–	2.26	(m,	2H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	162.7	(d,	J	=	251.4	Hz),	
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143.0,	133.3	(d,	J	=	1.3	Hz),	132.5,	130.1	(d,	J	=	7.9	Hz),	129.3,	129.0,	126.4,	124.1	(d,	J	=	3.7	Hz),	122.5,	115.7	(d,	J	=	
20.9	Hz),	112.1	(d,	J	=	15.7	Hz),	93.1	(d,	J	=	3.2	Hz),	86.7,	33.5	(left),	33.5	(right),	33.3	ppm.	19F	NMR	(376	MHz,	CDCl3)	δ	
-110.01	ppm.	 IR	(neat,	cm
-1
):	3061,	3020,	2959,	2858,	1572,	1495,	1479,	1451,	1263,	1239,	1220,	1159,	1099,	1029,	
942,	850,	812,	750,	648,	560,	465.	HRMS	calcd.	for	(C17H15BrF)	[M+H]
+
:	317.0336	found	317.0332.	
	
1-(3-bromopropyl)-2-(cyclohexylethynyl)benzene	 (xx).	 Following	 general	 procedure	 A	 xx	 was	
obtained	in	95%	yield	over	steps	2	and	3.	Yellow	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.42	–	7.35	(m,	
1H),	7.25	–	7.17	(m,	2H),	7.17	–	7.12	(m,	1H),	3.42	(t,	J	=	6.7	Hz,	2H),	2.92	(t,	J	=	7.5	Hz,	2H),	2.69	–	
2.61	(m,	1H),	2.27	–	2.18	(m,	2H),	1.94	–	1.86	(m,	2H),	1.81	–	1.73	(m,	2H),	1.61	–	1.52	(m,	3H),	
1.43	–	1.34	(m,	3H)	ppm.	
13
C	NMR	(126	MHz,	CDCl3)	δ	142.4,	132.4,	129.0,	127.7,	126.2,	123.7,	98.6,	79.0,	33.5,	33.3	
(left),	33.3	(right),	32.9,	29.9,	26.0,	25.0	ppm.	IR	(neat,	cm
-1
):	3059,	3020,	2945,	2856,	1599,	1490,	1451,	1378,	1269,	
1238,	 1158,	 1107,	 1041,	 944,	 866,	 752,	 714,	 648,	 562,	 449.	 HRMS	 calcd.	 for	 (C17H22Br)	 [M+H]
+
:	 305.0899	 found	
305.0890.	
	
3-((2-(3-bromopropyl)phenyl)ethynyl)thiophene	 (xx).	 Following	 general	 procedure	 A	 xx	 was	
obtained	in	80%	yield	over	steps	2	and	3.	Brown	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.55	(dd,	J	=	3.0,	
1.2	Hz,	1H),	7.54	–	7.50	(m,	1H),	7.33	(dd,	J	=	5.0,	3.0	Hz,	1H),	7.30	–	7.20	(m,	4H),	3.47	(t,	J	=	6.6	
Hz,	2H),	3.03	(t,	J	=	7.5	Hz,	2H),	2.34	–	2.23	(m,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	142.6,	132.4,	
129.9	 (left),	 129.2	 (right),	 128.6	 (left),	 128.6	 (right),	 126.4,	 125.6,	 122.8,	 122.4,	 88.5,	 87.5,	 33.6,	 33.4,	 33.2	ppm.	 IR	
(neat,	cm
-1
):	3058,	3021,	2958,	2858,	1598,	1571,	1492,	1442,	1269,	1239,	1069,	949,	913,	751,	688,	553.	HRMS	calcd.	
for	(C15H14BrS)	[M+H]
+
:	304.9994	found	304.9980.	
	
1-(3-bromopropyl)-2-(3-phenylprop-1-yn-1-yl)benzene	 (xx).	 Following	general	procedure	A	xx	
was	obtained	in	70%	yield	over	steps	2	and	3.	Pale	yellow	oil.	
1
H	NMR	(300	MHz,	CDCl3)	δ	7.47	–	
7.39	(m,	3H),	7.39	–	7.33	(m,	2H),	7.29	–	7.15	(m,	4H),	3.88	(s,	2H),	3.35	(t,	J	=	6.7	Hz,	2H),	2.92	
(t,	 J	 =	7.5	Hz,	2H),	2.18	 (quint,	 J	 =	6.9	Hz,	2H)	ppm.	 13C	NMR	 (101	MHz,	CDCl3)	δ	142.7,	137.0,	132.6,	129.1,	128.7,	
128.1,	128.1,	126.8,	126.3,	123.3,	91.7,	81.2,	33.5,	33.5,	33.2,	26.1	ppm.	IR	(neat,	cm
-1
):	3063,	3019,	2958,	2857,	2217,	
1920,	1587,	1488,	1468,	1436,	1238,	1205,	1127,	1055,	1032,	944,	750,	712,	666,	560,	450.	HRMS	calcd.	for	(C18H18Br)	
[M+H]
+
:	313.0586	found	313.0570.	
	
1-(3-bromopropyl)-2-((4-methoxyphenyl)ethynyl)benzene	 (xx).	 Following	 general	
procedure	A	xx	was	obtained	in	71%	yield	over	steps	2	and	3.	Pale	yellow	oil.	
1
H	NMR	(500	
MHz,	CDCl3)	δ	7.53	–	7.47	(m,	3H),	7.28	–	7.25	(m,	2H),	7.24	–	7.18	(m,	1H),	6.93	–	6.88	(m,	
2H),	3.84	(s,	3H),	3.46	(t,	J	=	6.6	Hz,	2H),	3.03	(t,	J	=	7.5	Hz,	2H),	2.33	–	2.25	(m,	2H)	ppm.	13C	
NMR	(126	MHz,	CDCl3)	δ	159.8,	142.5,	133.0,	132.3,	129.2,	128.3,	126.3,	123.2,	115.6,	114.2,	
93.4,	86.7,	55.4,	33.6,	33.4,	33.3	ppm.	 IR	(neat,	cm
-1
):	3061,	3003,	2957,	2933,	2835,	2212,	1605,	1568,	1508,	1482,	
1440,	1285,	1244,	1173,	1106,	1029,	829,	754,	529.	HRMS	calcd.	for	(C18H18BrO)	[M+H]
+
:	329.0536	found	329.0529.	
	
1-(3-bromopropyl)-2-((2-chlorophenyl)ethynyl)benzene	 (xx).	 Following	 general	 procedure	 A	 xx	
was	obtained	in	57%	yield	over	steps	2	and	3.	Pale	yellow	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.62	–	
7.55	(m,	2H),	7.47	–	7.41	(m,	1H),	7.35	–	7.20	(m,	5H),	3.46	(t,	J	=	6.7	Hz,	2H),	3.08	(t,	J	=	7.5	Hz,	
2H),	 2.35	 –	 2.27	 (m,	 2H)	 ppm.	
13
C	 NMR	 (126	MHz,	 CDCl3)	 δ	 143.0,	 135.8,	 133.4,	 132.8,	 129.5,	
129.4,	 129.3,	 129.0,	 126.6,	 126.4,	 123.4,	 122.5,	 93.1,	 90.1,	 33.6,	 33.5,	 33.2	ppm.	 IR	 (neat,	 cm
-1
):	 3062,	 3028,	 2928,	
1700,	 1640,	 1600,	 1494,	 1485,	 1452,	 1270,	 1236,	 1205,	 1074,	 1029,	 960,	 755,	 730,	 696,	 605,	 560.	HRMS	calcd.	 for	
(C17H15BrCl)	[M+H]
+
:	333.0040	found	333.0042.	
	
2-((2-(3-bromopropyl)phenyl)ethynyl)-1-methyl-4-(trifluoromethyl)benzene	 (xx).	 Following	
general	procedure	B	xx	was	obtained	in	58%	yield	over	steps	3	and	4.	Pale	yellow	solid.	M.P.	
=	38-40	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.80	–	7.77	(m,	1H),	7.56	(dd,	J	=	7.6,	1.4	Hz,	1H),	7.49	
(dd,	J	=	8.0,	2.0	Hz,	1H),	7.36	(d,	J	=	8.0	Hz,	1H),	7.35	–	7.23	(m,	3H),	3.45	(t,	J	=	6.6	Hz,	2H),	
3.06	 (t,	 J	=	7.5	Hz,	2H),	2.59	 (s,	3H),	2.34	–	2.25	 (m,	2H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	
Br
Br
S
Br
Br
MeO
Br
Cl
Br
F3C
Me
Chapter	4.	
	 269	
143.9	(d,	J	=	1.4	Hz),	142.6,	132.8,	130.1,	129.3,	129.1,	128.8	(q,	J	=	3.9	Hz),	128.5	(q,	J	=	32.7	Hz),	126.5,	124.9	(q,	J	=	
3.7	Hz),	124.1	(q,	J	=	271.9	Hz),	124.0,	122.5,	93.3,	90.8,	33.4,	33.2	(2C),	21.1	ppm.	19F	NMR	(376	MHz,	CDCl3)	δ	-62.63	
ppm.	IR	(neat,	cm
-1
):	3068,	2944,	2206,	1615,	1491,	1439,	1335,	1267,	1229,	1167,	1115,	1072,	1037,	905,	827,	756,	
631,	564.	HRMS	calcd.	for	(C19H17BrF3)	[M+H]
+
:	345.0307	found	345.0299.	
	
(3-((2-(3-bromopropyl)phenyl)ethynyl)phenyl)(methyl)sulfane	 (xx).	 Following	 general	
procedure	B	xx	was	obtained	in	58%	yield	over	steps	3	and	4.	Orange	solid.	M.P.	=	28-31	
o
C.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.55	–	7.51	(m,	1H),	7.44	–	7.40	(m,	1H),	7.33	–	7.20	(m,	6H),	3.46	
(t,	J	=	6.6	Hz,	2H),	3.03	(t,	J	=	7.5	Hz,	2H),	2.52	(s,	3H),	2.33	–	2.24	(m,	2H).	13C	NMR	(126	MHz,	
CDCl3)	δ	142.8,	139.1,	132.6,	129.3,	129.1,	128.8	(left),	128.8	(right),	128.2,	126.6,	126.4,	124.1,	122.7,	92.9,	88.3,	33.5	
(left),	33.5	(right),	33.3,	15.8	ppm.	IR	(neat,	cm
-1
):	3058,	3021,	2965,	2921,	2860,	1599,	1571,	1493,	1443,	1378,	1225,	
1203,	1157,	1118,	1069,	1027,	912,	752,	688,	529.	HRMS	calcd.	for	(C18H18BrS)	[M+H]
+
:	345.0307	found	345.0299.	
	
5-((2-(3-bromopropyl)phenyl)ethynyl)benzo[d][1,3]dioxole	 (xx).	 Following	 general	
procedure	B	xx	was	obtained	in	49%	yield	over	steps	3	and	4.	White	solid.	M.P.	=	44-46	
o
C.	
1
H	
NMR	(500	MHz,	CDCl3)	δ	7.53	–	7.48	(m,	1H),	7.30	–	7.23	(m,	2H),	7.25	–	7.18	(m,	1H),	7.08	
(dd,	J	=	8.0,	1.6	Hz,	1H),	7.00	(dd,	J	=	1.6,	0.4	Hz,	1H),	6.81	(dd,	J	=	8.0,	0.4	Hz,	1H),	6.00	(s,	2H),	
3.46	(t,	 J	=	6.6	Hz,	2H),	3.02	(t,	 J	=	7.5	Hz,	2H),	2.33	–	2.24	(m,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	148.1,	147.6,	
142.5,	132.4,	129.2,	128.4,	126.4,	126.3,	123.0,	116.7,	111.5,	108.7,	101.5,	93.4,	86.4,	33.6,	33.4,	33.3	ppm.	IR	(neat,	
cm-1):	3057,	2958,	2919,	2904,	2853,	2203,	1597,	1488,	1445,	1435,	1338,	1227,	1033,	924,	804,	758,	608,	563,	521.	
HRMS	calcd.	for	(C18H16BrO2)	[M+H]
+
:	343.0328	found	343.0332.	
	
2-(3-((2-(3-bromopropyl)phenyl)ethynyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane	(xx).	Following	general	procedure	B	xx	was	obtained	in	35%	yield	over	
steps	3	and	4.	Colorless	oil.
	1
H	NMR	(400	MHz,	CDCl3)	δ	8.03	–	7.96	(m,	1H),	7.81	–	7.75	
(m,	1H),	7.65	–	7.59	(m,	1H),	7.53	–	7.48	(m,	1H),	7.37	(t,	J	=	7.6	Hz,	1H),	7.29	–	7.24	(m,	
2H),	7.24	–	7.18	(m,	1H),	3.46	(t,	J	=	6.6	Hz,	2H),	3.03	(t,	J	=	7.4	Hz,	2H),	2.33	–	2.24	(m,	
2H),	 1.36	 (s,	 12H)	 ppm.	
13
C	NMR	 (101	MHz,	 CDCl3)	 δ	 142.7,	 138.0,	 134.6,	 134.2,	 132.6,	 129.3,	 128.6,	 127.9,	 126.4,	
123.0	(left),	123.0	(right),	93.4,	88.0,	84.2,	33.5	(left),	33.5	(right),	33.3,	25.0	ppm.	
11
B	NMR	(128	MHz,	CDCl3)	δ	30.9	
ppm.	.	The	carbon	directly	attached	to	the	boron	was	not	detected	in	the	
13
C	NMR	spectra.	IR	(neat,	cm
-1
):	3058,	3020,	
2965,	2933,	2875,	1599,	1493,	1443,	1380,	1288,	1212,	1158,	1069,	1026,	912,	796,	752,	688,	553,	519.	HRMS	calcd.	
for	(C23H27BrBO2)	[M+H]
+
:	424.1318	found	424.1322.	
	
1-(3-bromopropyl)-2-((4-(trifluoromethoxy)phenyl)ethynyl)benzene	 (xx).	 Following	
general	procedure	B	xx	was	obtained	 in	71%	yield	over	steps	3	and	4.	Light	brown	oil.	
1
H	
NMR	(400	MHz,	CDCl3)	δ	7.59	–	7.54	(m,	2H),	7.52	(dd,	J	=	7.6,	1.3	Hz,	1H),	7.33	–	7.27	(m,	
2H),	7.26	–	7.18	 (m,	3H),	3.46	 (t,	 J	=	6.5	Hz,	2H),	3.05	–	2.99	 (m,	2H),	2.32	–	2.23	 (m,	2H)	
ppm.
	13
C	NMR	(101	MHz,	CDCl3)	δ	149.0	 (q,	 J	=	1.8	Hz),	142.8,	133.1,	132.6,	129.3,	129.0,	
126.5,	122.4,	122.3,	121.1,	120.54	(q,	J	=	257.7	Hz),	91.9,	88.8,	33.5	(left),	33.5	(right),	33.3	ppm.	19F	NMR	(376	MHz,	
CDCl3)	δ	-57.88	ppm.	IR	(neat,	cm
-1
):	2960,	1506,	1449,	1250,	1205,	1157,	1018,	921,	840,	755,	666,	532.	HRMS	calcd.	
for	(C18H15BrF3O)	[M+H]
+
:	383.0253	found	383.0251.	
	
(3-((2-(3-bromopropyl)phenyl)ethynyl)phenoxy)(tert-butyl)dimethylsilane	 (xx).	
Following	 general	 procedure	 A	 xx	 was	 obtained	 in	 40%	 yield	 over	 steps	 2	 and	 3.	
Colorless	oil.
	1
H	NMR	(400	MHz,	CDCl3)	δ	7.52	 (d,	 J	=	7.2	Hz,	1H),	7.31	–	7.22	 (m,	2H),	
7.26	–	7.16	(m,	2H),	7.18	–	7.10	(m,	1H),	7.04	–	6.98	(m,	1H),	6.88	–	6.80	(m,	1H),	3.45	(t,	
J	=	6.6	Hz,	2H),	3.02	(t,	J	=	7.4	Hz,	2H),	2.36	–	2.20	(m,	2H),	1.05	–	0.96	(m,	9H),	0.28	–	0.17	(m,	6H)	ppm.13C	NMR	(101	
MHz,	CDCl3)	δ	155.7,	142.8,	132.6,	129.6,	129.3,	128.7,	126.4,	124.9,	124.5,	123.1,	122.9,	120.8,	93.3,	87.7,	33.5	(left),	
33.5	(right),	33.3,	25.8,	18.4,	-4.2	ppm.	IR	(neat,	cm
-1
):	2955,	2929,	2896,	2857,	1594,	1573,	1489,	1473,	1419,	1318,	
1263,	1228,	1001,	971,	863,	837,	780,	755,	685.	HRMS	calcd.	for	(C23H30BrOSi)	[M+H]
+
:	429.1244	found	429.1251.	
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1-(3-bromobutyl)-2-(phenylethynyl)benzene	(xx).	Following	general	procedure	C	xx	was	obtained	
in	60%	yield	over	steps	2	and	3.	Pale	yellow	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.58	–	7.52	(m,	3H),	
7.40	–	7.35	(m,	3H),	7.31	–	7.27	(m,	2H),	7.25	–	7.20	(m,	1H),	4.21	–	4.14	(m,	1H),	3.17	(ddd,	J	=	
13.3,	8.7,	6.0	Hz,	1H),	2.97	(ddd,	J	=	13.3,	8.9,	7.1	Hz,	1H),	2.25	–	2.18	(m,	2H),	1.78	(d,	J	=	6.7	Hz,	
3H)	 ppm.	
13
C	 NMR	 (126	MHz,	 CDCl3)	 δ	 143.1,	 132.5,	 131.6,	 129.2,	 128.6,	 128.5,	 128.4,	 126.3,	
123.5,	122.8,	93.3,	88.0,	51.3,	41.9,	33.2,	26.7	ppm.	IR	(neat,	cm
-1
):	3058,	2956,	2919,	2856,	1582,	1558,	1485,	1435,	
1398,	1268,	1238,	1157,	1096,	965,	890,	780,	754,	683,	648,	555,	442.	HRMS	calcd.	 for	 (C18H18Br)	 [M+H]
+
:	313.0586	
found	313.0595.	
	
1-(3-bromopentyl)-2-(phenylethynyl)benzene	 (xx).	 Following	 general	 procedure	 C	 xx	 was	
obtained	in	38%	yield	over	steps	2	and	3.	Pale	yellow	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.59	–	7.52	
(m,	3H),	7.41	–	7.33	(m,	3H),	7.31	–	7.27	(m,	2H),	7.25	–	7.19	(m,	1H),	4.02	(tt,	J	=	7.7,	5.1	Hz,	1H),	
3.21	(ddd,	J	=	13.2,	8.4,	6.1	Hz,	1H),	2.98	(ddd,	J	=	13.3,	9.1,	7.0	Hz,	1H),	2.28	–	2.20	(m,	2H),	1.98	–	
1.87	(m,	2H),	1.05	(t,	J	=	7.3	Hz,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	143.3,	132.5,	131.6,	129.3,	
128.6,	128.5,	128.4,	126.3,	123.5,	122.8,	93.3,	88.1,	59.9,	39.6,	33.1,	32.4,	12.2	ppm.	IR	(neat,	cm
-1
):	3056,	2977,	2931,	
1597,	 1574,	 1479,	 1411,	 1356,	 1315,	 1270,	 11339,	 1096,	 1074,	 964,	 852,	 800,	 755,	 701,	 672,	 557.	HRMS	calcd.	 for	
(C19H20Br)	[M+H]
+
:	327.0743	found	327.0748.	
	
2-(3-bromopropyl)-1-fluoro-3-(phenylethynyl)benzene	 (xx).	 Following	 general	 procedure	 D	 xx	
was	obtained	 in	13%	yield	over	steps	1	to	4.	Pale	yellow	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.60	–	
7.55	(m,	2H),	7.41	–	7.36	(m,	3H),	7.34	–	7.31	(m,	1H),	7.18	(td,	J	=	8.0,	5.6	Hz,	1H),	7.06	–	7.00	(m,	
1H),	3.49	(t,	J	=	6.8	Hz,	2H),	3.07	(td,	J	=	7.6,	1.8	Hz,	2H),	2.32	–	2.19	(m,	2H)	ppm.	13C	NMR	(126	
MHz,	CDCl3)	δ	161.2	(d,	J	=	244.7	Hz),	131.7,	129.9	(d,	J	=	17.4	Hz),	128.7,	128.6,	128.2	(d,	J	=	3.2	
Hz),	127.6	(d,	J	=	9.3	Hz),	125.2	(d,	J	=	6.1	Hz),	123.0,	115.7	(d,	J	=	22.8	Hz),	94.0,	86.8	(d,	J	=	4.5	Hz),	33.3,	32.8,	26.5	(d,	
J	=	2.6	Hz)	ppm.	19F	NMR	(471	MHz,	CDCl3)	δ	-117.08	ppm.	IR	(neat,	cm
-1
):	3056,	2961,	2935,	1609,	1571,	1492,	1454,	
1282,	1237,	1192,	1067,	1027,	944,	924,	789,	753,	726,	688,	551,	524.	HRMS	calcd.	for	(C17H15BrF)	[M+H]
+
:	317.0336	
found	317.0336.	
	
2-(3-bromopropyl)-4-methoxy-1-(phenylethynyl)benzene	(xx).	Following	general	procedure	
D	xx	was	obtained	in	10%	yield	over	steps	1	to	4.	Brown	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.55	
–	7.50	(m,	2H),	7.46	(d,	J	=	8.5	Hz,	1H),	7.38	–	7.31	(m,	3H),	6.82	–	6.80	(m,	1H),	6.76	(dd,	J	=	
8.5,	2.7	Hz,	1H),	3.83	(s,	3H),	3.46	(t,	J	=	6.6	Hz,	2H),	3.00	(t,	J	=	7.4	Hz,	2H),	2.32	–	2.25	(m,	
2H)	 ppm.	
13
C	 NMR	 (126	 MHz,	 CDCl3)	 δ	 159.8,	 144.5,	 133.9,	 131.5,	 128.5,	 128.1,	 123.8,	
115.1(left),	115.1(right),	112.0,	92.1,	88.0,	55.4,	33.5,	33.5,	33.3	ppm.	IR	(neat,	cm
-1
):	2958,	2935,	2858,	2835,	1605,	
1595,	 1563,	 1498,	 1463,	 1441,	 1427,	 1316,	 1292,	 1275,	 1253,	 1233,	 1160,	 1098,	 1069,	 1034,	 811,	 753,	 689.	HRMS	
calcd.	for	(C18H18BrO)	[M+H]
+
:	329.0536	found	329.0532.	
	
(2-bromoethyl)dimethyl(2-(phenylethynyl)phenyl)silane	 (xx).	 Following	 general	 procedure	 E	 xx	
was	obtained	in	11%	yield	over	steps	2	to	5.	Colorless	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.61	–	7.57	
(m,	1H),	7.57	–	7.53	(m,	2H),	7.51	–	7.47	(m,	1H),	7.42	–	7.36	(m,	4H),	7.33	(td,	J	=	7.4,	1.4	Hz,	1H),	
3.61	–	3.54	 (m,	2H),	 1.88	–	1.81	 (m,	2H),	 0.47	 (s,	 6H)	ppm.	
13
C	NMR	 (126	MHz,	CDCl3)	δ	139.5,	
134.6,	133.2,	131.7,	129.8,	128.9	(2C,	left),	128.9	(right),	128.0,	123.5,	92.7,	90.9,	32.2,	23.0,	-2.3	
ppm.	IR	(neat,	cm
-1
):	3051,	2957,	1598,	1490,	1441,	1427,	1245,	1124,	1026,	873,	835,	812,	753,	688.	HRMS	calcd.	for	
(C18H20BrSi)	[M+H]
+
:	343.0512	found	343.0515.	
	
(2-bromoethyl)(2-((4-methoxyphenyl)ethynyl)phenyl)dimethylsilane	 (xx).	 Following	
general	procedure	E	xx	was	obtained	in	22%	yield	over	steps	1	to	5.	White	solid.	M.P.	=	40-
42	
o
C.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.57	–	7.54	(m,	1H),	7.50	–	7.46	(m,	3H),	7.39	–	7.35	(m,	
1H),	7.32	–	7.29	(m,	1H),	6.94	–	6.90	(m,	2H),	3.84	(s,	3H),	3.61	–	3.55	(m,	2H),	1.88	–	1.81	
(m,	2H),	 0.46	 (s,	 6H)	ppm.	
13
C	NMR	 (126	MHz,	CDCl3)	 δ	159.9,	 139.0,	 134.4,	 132.9,	 132.7,	
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129.5,	129.0,	127.5,	115.4,	114.3,	92.6,	89.4,	55.5,	32.1,	22.8,	-2.5	ppm.	IR	(neat,	cm
-1
):	2960,	1605,	1511,	1456,	1285,	
1246,	1172,	1154,	1126,	1029,	827,	778,	757,	721.	HRMS	calcd.	for	(C19H22BrOSi)	[M+H]
+
:	373.0618	found	373.0635.	
	
(2-bromoethyl)(2-(3-cyclopentylprop-1-yn-1-yl)phenyl)dimethylsilane	 (xx).	 Following	 general	
procedure	E	xx	was	obtained	 in	11%	yield	over	 steps	1	 to	5.	Colorless	oil.	
1
H	NMR	 (500	MHz,	
CDCl3)	δ	7.47	–	7.38	(m,	2H),	7.31	(td,	J	=	7.5,	1.5	Hz,	1H),	7.25	(td,	J	=	7.4,	1.4	Hz,	1H),	3.59	–	
3.51	(m,	2H),	2.45	(d,	J	=	6.9	Hz,	2H),	2.17	(quint,	J	=	7.4	Hz,	1H),	1.93	–	1.82	(m,	2H),	1.83	–	1.75	
(m,	2H),	1.73	–	1.63	(m,	2H),	1.65	–	1.55	(m,	2H),	1.41	–	1.29	(m,	2H),	0.40	(s,	6H)	ppm.	
13
C	NMR	(126	MHz,	CDCl3)	δ	
138.7,	134.2,	133.0,	129.6,	129.4,	127.0,	93.5,	81.9,	39.2,	32.5,	32.3,	25.7,	25.4,	22.8,	-2.6	ppm.	IR	(neat,	cm
-1
):	2951,	
2867,	 1702,	 1428,	 1246,	 1126,	 1027,	 873,	 836,	 813,	 758,	 588,	 459.	 HRMS	 calcd.	 for	 (C18H26BrSi)	 [M+H]
+
:	 349.0982	
found	349.0975.	
	
(2-bromoethyl)diethyl(2-(phenylethynyl)phenyl)silane	 (xx).	 Following	 general	 procedure	 E	 xx	
was	obtained	in	16%	yield	over	steps	2	to	5.	Colorless	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.60	(dd,	J	=	
7.6,	1.4	Hz,	1H),	7.59	–	7.52	(m,	2H),	7.48	(dd,	J	=	7.4,	1.5	Hz,	1H),	7.44	–	7.35	(m,	4H),	7.38	–	7.30	
(m,	1H),	3.66	–	3.51	(m,	2H),	1.93	–	1.82	(m,	2H),	1.09	–	0.98	(m,	10H).	
13
C	NMR	(126	MHz,	CDCl3)	
δ	137.4,	135.1,	133.2,	131.4,	129.4,	128.9,	128.7,	128.6,	127.8,	123.3,	92.0,	90.7,	32.3,	19.74,	7.6,	
3.7	ppm.	IR	(neat,	cm
-1
):		HRMS	calcd.	for	(C20H24BrSi)	[M+H]
+
:	371.0825	found	371.0825.	
	
3,3'-(2-Bromo-2-phenylethene-1,1-diyl)bis(methylbenzene).	Following	general	procedure	F	xx	was	
obtained	in	71%	yield.	White	solid.	M.P.	=	62–65	°C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.34	(dd,	J	=	7.9,	1.7	
Hz,	2H),	7.30	(d,	J	=	7.5	Hz,	1H),	7.24	–	7.14	(m,	6H),	6.96	(d,	J	=	7.7	Hz,	1H),	6.91	(d,	J	=	7.5	Hz,	1H),	
6.79	 (d,	 J	 =	9.1	Hz,	2H),	2.39	 (s,	3H),	2.15	 (s,	3H)	ppm.	 13C	NMR	 (101	MHz,	CDCl3)	δ	144.0,	143.9,	
141.4,	 141.0,	 137.9,	 137.5,	 131.0,	 130.4,	 130.1,	 128.4,	 128.2,	 128.0,	 127.9,	 127.9,	 127.8,	 127.6,	
126.6,	122.0,	21.6,	21.4	ppm.	IR	(neat,	cm
-1
):	3032,	2917,	2854,	1600,	1583,	1485,	1443,	1376,	1208,	
1094,	999,	971,	908,	872,	760,	768,	725,	696,	629,	585.	HRMS	calcd.	for	(C22H20Br)	[M+H]
+
:	363.0743	found	363.0745.	
	
2,2'-(2-Bromo-2-phenylethene-1,1-diyl)dinaphthalene.	 Following	general	 procedure	 F	xx	was	
obtained	in	64%	yield.	White	solid.	M.P.	=	189	–	191	°C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.93	–	7.80	
(m,	4H),	7.69	(dd,	J	=	8.0,	1.5	Hz,	1H),	7.58	–	7.44	(m,	6H),	7.43	–	7.33	(m,	4H),	7.21	–	7.14	(m,	
3H),	7.11	(dd,	J	=	8.5,	1.8	Hz,	1H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	143.3,	141.3,	141.1,	138.7,	
133.2,	133.0,	132.7,	132.2,	130.4,	130.0,	129.0,	128.3,	128.3,	128.1,	128.1,	128.0,	127.8,	127.7,	
127.7,	127.5,	127.3,	126.3,	126.2,	126.2,	126.0,	122.0	ppm.	 IR	 (neat,	cm
-1
):	3050,	3021,	1592,	
1574,	1502,	1486,	1442,	1273,	1251,	1220,	1109,	1074,	981,	965,	954,	933,	897,	872,	861,	820,	
748,	716,	692,	636.	HRMS	calcd.	for	(C28H20Br)	[M+H]
+
:	435.0743	found	435.0742.	
	
1,1'-(2-Bromo-2-phenylethene-1,1-diyl)bis(benzene-2-d).	 Following	 general	 procedure	 F	 xx	 was	
obtained	in	67%	yield.	White	solid.	M.P.	=	114-117	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.41	–	7.36	(m,	
3H),	7.35	–	7.29	(m,	3H),	7.21	–	7.14	(m,	3H),	7.10	–	7.04	(m,	3H),	6.98	–	6.93	(m,	1H)	ppm.	IR	(neat,	
cm
-1
):	3054,	3018,	1586,	1487,	1467,	1443,	1434,	1224,	1156,	1112,	1076,	1044,	862,	864,	841,	777,	
740,	793,	663,	628,	605,	572.	HRMS	calcd.	for	(C20H14BrD2)	[M+H]
+
:	337.0555	found	337.0551.	
	
1,1'-(2-bromo-2-phenylethene-1,1-diyl)bis(benzene-2,3,4,5,6-d5)	 (xx).	 Following	 general	
procedure	 F	 xx	was	obtained	 in	 71%	yield.	White	 solid.	M.P.	 =	 116-119	
o
C.	
1
H	NMR	 (400	MHz,	
CDCl3)	δ	7.37	–	7.31	(m,	2H),	7.23	–	7.14	(m,	3H)	ppm.	
13
C	NMR	(101	MHz,	CDCl3)	δ	143.7,	143.6,	
141.2,	141.0,	130.4,	128.1	(left),	128.1	(right),	122.2	ppm.	IR	(neat,	cm
-1
):	2282,	1598,	1486,	1443,	
1387,	1320,	1209,	1157,	1075,	943,	866,	849,	839,	821,	761,	729,	693,	648,	538,	519.	HRMS	calcd.	
for	(C20H6BrD10)	[M+H]
+
:	345.1058	found	345.1049.	
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(Z)-(1-bromoprop-1-ene-1,2-diyl)dibenzene	(xx).		
Step	1.	A	solution	of	benzyltriphenylphosphonium	bromide	(4.16	g,	9.6	mmol,	1.2	equiv)	in	THF	(10	ml)	was	cooled	to	
0º	C	and	n-butyllithium	(3.8	ml,	2.5	M,	9.6	mmol,	1.2	equiv)	in	hexanes	was	added.	The	resultant	mixture	was	stirred	
at	 0ºC	 for	 30	min	 and	 then	 acetophenone	 (960	mg,	 8.0	mmol,	 1.0	 equiv)	 was	 added	 dropwise.	 The	 reaction	 was	
warmed	 to	 room	 temperature	 and	 stirred	 overnight.	 Upon	 completion	 it	 is	 carefully	 quenched	 with	 a	 saturated	
solution	of	NH4Cl	and	water.	The	phases	were	separated	and	the	aqueous	phase	extracted	three	times	with	ether.	The	
combined	organic	layers	were	washed	with	brine,	dried	over	MgSO4	and	purification	by	flash	column	chromatography	
on	silica	gel	(hexanes)	afforded	the	mixture	of	alkenes	with	enough	purity	as	judged	by	
1
H	NMR	and	directly	used	in	
the	next	step.	
	
Step	2.	To	a	solution	of	the	product	from	step	1	(750	mg,	2.74	mmol,	1.0	equiv)	dissolved	in	CHCl3	(10	ml)	was	added	
Br2	(0.14	ml,	438	mg,	2.74	mmol,	1.0	equiv)	dropwise	with	stirring	at	0	ºC.	After	completion	of	the	bromination,	DBU	
(1.63	ml,	1.67	g,	11.0	mmol,	4.0	equiv)	was	added	slowly.	The	solvent	was	then	evaporated	and	toluene	was	added	
and	the	reaction	refluxed	for	1	hour.	The	reaction	was	poured	into	water,	the	phases	were	separated	and	the	product	
extracted	three	times	with	EtOAc.	The	organic	phase	was	washed	with	water,	brine,	dried	over	MgSO4	and	purification	
by	flash	column	chromatography	on	silica	gel	(hexanes)	afforded	the	E/Z	mixture	of	products.	Recrystallization	from	
MeOH	 afforded	 XX	 in	 24%	 yield	 (180	 mg,	 0.65	 mmol).	 White	 solid.	 The	 spectroscopic	 data	 correspond	 to	 those	
previously	reported	in	the	literature.
52
	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.52	–	7.30	(m,	10H),	2.03	(s,	3H).	ppm.	
13
C	NMR	
(126	MHz,	CDCl3)	δ	144.3,	141.0,	138.6,	129.4,	128.4,	128.4	(left),	128.25	(right),	127.9,	127.4,	118.2,	23.6	ppm.	
	
	
	
(Z)-(1-bromohex-1-ene-1,2-diyl)dibenzene	 (xx).	 xx	 was	 synthetized	 following	 an	 exact	 experimental	 procedure	
described	 in	 the	 literature.
53
	Under	 an	 argon	 atmosphere,	 diphenylacetylene	 (1.42	 g,	 7.97	 mmol,	 1.0	 equiv)	 was	
placed	in	a	50	mL	Schlenk	tube.	THF	(12	mL)	was	then	added.	n-Butyllithium	(2.5	M	hexane	solution,	3.5	mL,	8.7	mmol,	
1.1	equiv)	was	added	dropwise	at	−10°C.	The	reaction	mixture	was	stirred	for	2	h.1,2-Dibromoethane	(0.88	mL,	10.2	
mmol,	1.3	equiv)	was	added	at	−78°C,	and	the	reaction	mixture	was	stirred	for	additional	30	min.	After	being	cooled	
to	0°C,	the	reaction	mixture	was	poured	into	saturated	ammonium	chloride	solution	and	extracted	three	times	with	
diethyl	 ether.	 The	 combined	 organic	 layers	 were	 washed	 with	 brine	 and	 dried	 over	 MgSO4.	 The	 residue	 was	
concentrated	under	 reduced	pressure	and	purification	of	 the	 residue	by	 flash	 column	chromatography	on	 silica	gel	
(hexanes)	 afforded	XX	 in	 34%	yield	 (853	mg,	 2.70	mmol).	White	 solid.	 The	 spectroscopic	data	 correspond	 to	 those	
previously	reported	in	the	literature.
53
	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.45	–	7.36	(m,	6H),	7.37	–	7.27	(m,	4H),	2.33	(t,	J	=	
7.2	Hz,	2H),	1.28	–	1.18	(m,	2H),	1.20	–	1.09	(m,	2H),	0.72	(t,	J	=	7.2	Hz,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	143.7,	
142.7,	141.0,	129.1,	128.5,	128.4,	128.3,	128.2,	127.3,	118.9,	36.0,	30.5,	22.4,	13.9	ppm.	
	
(1-(2-bromophenyl)ethene-1,2-diyl)dibenzene	 (xx).	 xx	 was	 synthetized	 following	 a	 modified	
experimental	 procedure	 described	 in	 the	 literature.
54
	Under	 an	 argon	 atmosphere,	
benzyltriphenylphosphonium	 chloride	 (21.3	 g,	 54	 mmol,	 4.1	 equiv)	 and	 potassium	 tert-butoxide	
(6.05	 g,	 54	 mmol,	 4.1	 equiv)	 were	 placed	 in	 a	 100	 mL	 Schlenk	 tube.	 A	 solution	 of	 2-
                                                
52
	L.	E.	Friedrich,	N.	L.	de	Vera,	Y-S.	P.	Lam,	J.	Org.	Chem.,	1978,	43,	34.	
53
	M.	Iwasaki,	Y.	Araki,	Y.	Nishihara,	J.	Org.	Chem.	2017,	82,	6242.	
54
	M.	Iwasaki,	Y.	Araki,	S.	Lino,	Y.	Nishihara,	J.	Org.	Chem.,	2015,	80,	9247.	
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bromobenzophenone	 (3.4	 g,	 13.1	mmol,	 1.0	 equiv)	 in	 toluene	 (65	mL)	was	 then	 added.	 The	 reaction	mixture	was	
vigorously	stirred	at	reflux	for	70	h.	The	mixture	was	filtrated	through	a	pad	of	Celite,	which	was	washed	with	ethyl	
acetate.	The	reaction	mixture	was	poured	into	water,	and	the	product	was	extracted	with	ethyl	acetate	three	times.	
The	combined	organic	layers	were	dried	over	MgSO4,	the	solvent	removed	under	reduced	pressure	and	purification	by	
flash	column	chromatography	on	silica	gel	(hexane/ethyl	acetate	=	40:1)	afforded	xx	in	29%	yield	(1.3	g,	3.88	mmol)	as	
a	 1:1	mixture	 of	 E/Z	 isomers.	 Colorless	 oil.	 The	 spectroscopic	 data	 correspond	 to	 those	 previously	 reported	 in	 the	
literature.	
54
	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.67	(dd,	J	=	8.0,	1.2	Hz,	1H),	7.60	(dd,	J	=	8.0,	1.2	Hz,	1H),	7.37	–	7.28	(m,	8H),	
7.26	–	7.10	(m,	17H),	7.05	–	6.97	(m,	2H),	6.69	(s,	1H)	ppm.	
13
C	NMR	(101	MHz,	CDCl3)	δ	145.0,	141.9,	141.5,	141.2,	
141.1,	139.5,	137.0,	137.0,	133.5,	133.4,	132.2,	131.7	(2C)	130.2,	129.6,	129.5,	129.3,	129.2	(2C),	128.9,	128.5,	128.3	
(left),	128.3	(right),	128.2,	128.0,	127.7,	127.4,	127.3,	127.2,	126.8,	124.6,	123.6	ppm.	
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Ni-catalyzed	carboxylation	of	unactivated	alkyl	bromides	(Table	2):	
	
General	procedure	A1:	An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	MnCr	alloy	(20.4	mg,	
0.37	mmol,	1.25	equiv)	and	NiBr2Lx2	(10	mol%,	20.8	mg,	0.03	mmol,	0.1	equiv).	The	schlenk	tube	was	evacuated	and	
back-filled	under	CO2	flow	for	at	least	3	times.	The	corresponding	alkyl	bromide	X	(0.3	mmol)	and	DMF	(0.2	M,	1.5	mL)	
were	added	under	CO2	flow.	Once	added,	the	schlenk	tube	was	closed	at	atmospheric	pressure	of	CO2	(1	atm)	and	
stirred	for	12	hours	at	15	ºC.	The	mixture	was	quenched	with	2M	HCl	(2	ml)	to	hydrolyze	the	resulting	carboxylate	and	
extracted	3	times	with	AcOEt.	The	combined	organic	layers	were	dried	over	MgSO4	and	concentrated	under	reduced	
pressure.	 The	 products	 were	 purified	 by	 flash	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	 followed	 by	
hexanes/AcOEt	3/1	alternatively	hexanes/AcOEt	7/1	with	1	%	formic	acid	can	be	used).		
	
General	procedure	B1:	An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	MnCr	alloy	(27.2	mg,	0.5	
mmol,	2.5	equiv),	NiBr2	diglyme	(10	mol%,	7.0	mg,	0.02	mmol,	0.1	equiv)	and	Lx	(3.4	mg,	0.04	mmol,	0.2	equiv).	The	
schlenk	 tube	was	 evacuated	 and	 back-filled	 under	 CO2	 flow	 for	 at	 least	 3	 times.	 The	 corresponding	 silylated	 alkyl	
bromide	X	(0.2	mmol)	and	DMF	(0.2	M,	1.0	mL)	were	added	under	CO2	flow.	Once	added,	the	schlenk	tube	was	closed	
at	atmospheric	pressure	of	CO2	(1	atm)	and	stirred	for	12	hours	at	15	ºC.	The	mixture	was	quenched	with	2M	HCl	(2	
ml)	to	hydrolyze	the	resulting	carboxylate	and	extracted	3	times	with	AcOEt.	The	combined	organic	layers	were	dried	
over	MgSO4	and	concentrated	under	reduced	pressure.	The	products	were	purified	by	flash	chromatography	on	silica	
gel	(hexanes/AcOEt	10/1	followed	by	hexanes/AcOEt	3/1	alternatively	hexanes/AcOEt	7/1	with	1	%	formic	acid	can	be	
used).	
	
General	procedure	C1:	An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	MnCr	alloy	(20.4	mg,	
0.37	mmol,	1.25	equiv)	and	NiBr2Lx2	(10	mol%,	20,8	mg,	0.03	mmol,	0.1	equiv).	The	schlenk	tube	was	evacuated	and	
back-filled	under	CO2	flow	for	at	least	3	times.	The	corresponding	vinyl	bromide	X	(0.3	mmol)	and	DMA	(0.2	M,	1.5	mL)	
were	added	under	CO2	flow.	Once	added,	the	schlenk	tube	was	closed	at	atmospheric	pressure	of	CO2	(1	atm)	and	
stirred	for	12	hours	at	15	ºC.	The	mixture	was	quenched	with	2M	HCl	(2	ml)	to	hydrolyze	the	resulting	carboxylate	and	
extracted	3	times	with	AcOEt.	The	combined	organic	layers	were	dried	over	MgSO4	and	concentrated	under	reduced	
pressure.	 The	 products	 were	 purified	 by	 flash	 chromatography	 on	 silica	 gel	 (hexanes/AcOEt	 10/1	 followed	 by	
hexanes/AcOEt	3/1	alternatively	hexanes/AcOEt	7/1	with	1	%	formic	acid	can	be	used).	
	
(Z)-2-(3,4-dihydronaphthalen-1(2H)-ylidene)-2-phenylacetic	 acid	 (xx).	 An	 oven-dried	 schlenk	 tube	
containing	a	stirring	bar	was	charged	with	Mn	powder	(120	mg,	2.2	mmol,	2.2	equiv),	NiBr2	diglyme	(10	
mol%,	35.0	mg,	0.1	mmol,	0.1	equiv)	and	bathocuproine	(Lx)	(24	mol%	86.5	mg,	0.24	mmol,	0.24	equiv).	
The	schlenk	tube	was	evacuated	and	back-filled	under	CO2	flow	for	at	least	3	times.	XX	(229.2	mg,	1.0	
mmol)	and	DMF	(0.25	M,	4	mL)	were	added	under	CO2	flow.	Once	added,	the	schlenk	tube	was	closed	at	atmospheric	
pressure	of	CO2	(1	atm)	and	stirred	for	12	hours	at	0	ºC.	The	mixture	was	quenched	with	2M	HCl	(2	ml)	to	hydrolyze	
the	resulting	carboxylate	and	extracted	3	times	with	AcOEt.	The	combined	organic	layers	were	dried	over	MgSO4	and	
concentrated	 under	 reduced	 pressure.	 The	 products	 were	 purified	 by	 flash	 chromatography	 on	 silica	 gel	
(hexanes/AcOEt/EtOH	6/1/0.3).	Following	 this	procedure	xx	was	obtained	 in	25%	yield	 (66.0	mg).	Pale	yellow	solid.	
M.P.	=	159-168	
o
C.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.25	–	7.21	(m,	3H),	7.17	–	7.13	(m,	2H),	7.11	–	7.04	(m,	2H),	6.74	–	
6.67	(m,	2H),	2.97	(t,	J	=	6.6	Hz,	2H),	2.82	(t,	J	=	6.5	Hz,	2H),	1.96	(quint,	J	=	6.6	Hz,	2H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	
δ	174.1,	147.8,	140.9,	138.4,	135.1,	130.6	(left),	130,6	(right),	128.7,	128.5,	128.3,	128.1,	127.5,	124.8,	30.6,	29.6,	23.2	
ppm.	IR	(neat,	cm
-1
):	3021,	2937,	2867,	2632,	1667,	1561,	1477,	1443,	1406,	1262,	1209,	1090,	943,	713,	697.	HRMS	
calcd.	for	(C18H15O2)	[M-H]
-
:	263.1078	found	263.1072.	
	
(E)-8-benzylidene-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	 general	
procedure	A1	xx	was	obtained	in	82%	yield	(65.1	mg)	(xx:xx’=16.5:1).	In	an	independent	experiment,	
63.9	mg	(79%	yield)	were	obtained,	giving	an	average	of	81%	yield.	Pale	yellow	solid.	M.P.	=	197-199	
o
C.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.57	(dd,	J	=	5.7,	3.5	Hz,	1H),	7.36	–	7.30	(m,	4H),	7.25	–	7.19	(m,	4H),	
6.52	(s,	1H),	2.87	(td,	J	=	7.0,	2.0	Hz,	2H),	2.63	(t,	J	=	6.2	Hz,	2H),	1.85	(quint,	J	=	6.8	Hz,	2H)	ppm.	13C	NMR	(101	MHz,	
CDCl3)	δ	174.5,	141.5,	139.8,	137.6,	136.0,	130.6,	130.1,	129.7,	129.4,	128.2,	128.1,	126.8,	126.3,	30.0,	27.1,	23.0	ppm.	
CO2HPh
Ph H CO2H
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IR	(neat,	cm
-1
):	2940,	2865,	2656,	2551,	1668,	1588,	1488,	1466,	1443,	1415,	1283,	1252,	1186,	1156,	752,	727,	697.	
HRMS	calcd.	for	(C18H15O2)	[M-H]
-
:	263.1078	found	263.1080	
	
(E)-8-(2-methylbenzylidene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	
general	 procedure	 A1	 xx	 was	 obtained	 in	 87%	 yield	 (72.7	mg)	 (xx:xx’=17:1).	 In	 an	 independent	
experiment,	74.0	mg	(88%	yield)	were	obtained,	giving	an	average	of	88%	yield.	Pale	yellow	solid.	
M.P.	=	205-210	
o
C.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.56	(dd,	J	=	5.8,	3.3	Hz,	1H),	7.25	–	7.21	(m,	3H),	
7.19	–	7.14	(m,	3H),	6.52	(s,	1H),	2.70	(t,	J	=	6.4	Hz,	2H),	2.63	(td,	J	=	7.0,	1.7	Hz,	2H),	2.20	(s,	3H),	
1.84	(quint,	J	=	6.8	Hz,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	175.5,	141.1,	139.6,	137.2,	137.1,	136.5,	130.5,	129.9,	
129.8,	129.4	 (left),	129.4	 (right),	128.0,	127.2,	126.5,	125.5,	30.0,	26.7,	23.3,	20.0	ppm.	 IR	 (neat,	 cm
-1
):	3062,	2955,	
2922,	2888,	2834,	2654,	2565,	1680,	1590,	1480,	1448,	1433,	1409,	1292,	1277,	1191,	1155,	933,	889,	758,	728.	HRMS	
calcd.	for	(C19H17O2)	[M-H]
-
:	277.1234	found	277.1239.	
	
(E)-8-(cyclohexylmethylene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	
general	 procedure	 A1	 xx	 was	 obtained	 in	 79%	 yield	 (64.0	mg)	 (xx:xx’>20:1).	 In	 an	 independent	
experiment,	63.0	mg	(79%	yield)	were	obtained,	giving	an	average	of	79%	yield.	Pale	yellow	solid.	
M.P.	=	117-120	
o
C.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.50	(d,	J	=	7.1	Hz,	1H),	7.21	–	7.12	(m,	2H),	5.41	(d,	
J	=	9.3	Hz,	1H),	2.67	(t,	J	=	6.3	Hz,	2H),	2.60	(t,	J	=	6.9	Hz,	2H),	2.41	–	2.29	(m,	1H),	1.84	(quint,	J	=	
6.7	Hz,	 2H),	 1.78	–	1.58	 (m,	 5H),	 1.32	–	1.05	 (m,	 5H)ppm.	
13
C	NMR	 (126	MHz,	CDCl3)	 δ	 176.2,	 140.6,	 139.4,	 137.4,	
131.2,	130.1,	129.6,	127.6,	125.6,	37.5,	32.2,	30.3,	26.1,	25.9,	25.4,	23.2	ppm.	IR	(neat,	cm
-1
):	2928,	2851,	2668,	2573,	
1680,	1591,	1468,	1444,	1415,	1301,	1189,	1142,	934,	899,	759,	747,	715.	HRMS	calcd.	for	(C18H21O2)	[M-H]
-
:	269.1547	
found	269.1542.	
	
(E)-8-(thiophen-3-ylmethylene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	
general	 procedure	A1	 xx	was	 obtained	 in	 71%	 yield	 (57.9	mg)	 (xx:xx’=9.0:1).	 In	 an	 independent	
experiment,	57.6	mg	(71%	yield)	were	obtained,	giving	an	average	of	71%	yield.	Pale	yellow	solid.	
M.P.	=	99-108	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.58	(dd,	J	=	6.3,	2.7	Hz,	1H),	7.30	–	7.21	(m,	4H),	
7.16	–	7.11	(m,	1H),	6.51	(s,	1H),	2.90	(td,	J	=	7.0,	2.2	Hz,	2H),	2.62	(t,	J	=	6.1	Hz,	2H),	1.87	(quint,	J	=	
6.5	 Hz,	 2H)	 ppm.
13
C	NMR	 (126	MHz,	 CDCl3)	 δ	 174.9,	 141.9,	 139.5,	 139.1,	 134.8,	 130.2,	 129.4,	 128.4,	 126.2,	 125.8,	
125.2,	124.9,	123.8,	30.5,	28.2,	23.0	ppm.	IR	(neat,	cm
-1
):	3107,	2929,	2889,	2835,	2672,	2569,	1678,	1590,	1451,	1414,	
1294,	1187,	1156,	787,	756,	725,	614.	HRMS	calcd.	for	(C16H13O2S)	[M-H]
-
:	269.0642	found	269.0643.	
	
(E)-8-(2-fluorobenzylidene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	
general	 procedure	A1	 xx	was	 obtained	 in	 81%	 yield	 (68.5	mg)	 (xx:xx’=n.n:1).	 In	 an	 independent	
experiment,	72.8	mg	(86%	yield)	were	obtained,	giving	an	average	of	84%	yield.	Pale	yellow	solid.	
M.P.	=	206-210	
o
C.	
1
H	NMR	(400	MHz,	DMSO-d6)	δ	7.47	(td,	J	=	7.9,	1.9	Hz,	1H),	7.42	–	7.29	(m,	2H),	
7.29	–	7.16	(m,	4H),	6.50	(s,	1H),	2.70	(td,	J	=	6.9,	1.8	Hz,	2H),	2.63	(t,	J	=	6.3	Hz,	2H),	1.77	(quint,	J	=	
6.6	Hz,	2H)	ppm.	
13
C	NMR	(101	MHz,	DMSO-d6)	δ	171.4,	159.7	(d,	J	=	246.2	Hz),	140.3,	138.2,	136.6,	133.1,	130.6	(d,	J	=	
3.1	Hz),	129.2	(d,	J	=	8.4	Hz),	129.0,	126.8,	126.5,	124.7	(d,	J	=	13.6	Hz),	124.2	(d,	J	=	3.4	Hz),	120.5	(d,	J	=	3.9	Hz),	115.4	
(d,	 J	=	22.0	Hz),	29.3,	27.0,	22.6	ppm.	 IR	 (neat,	cm
-1
):	2952,	2867,	2654,	2550,	1667,	1588,	1573,	1480,	1445,	1429,	
1416,	 1283,	 1227,	 1188,	 1154,	 1094,	 944,	 816,	 753,	 717.	 HRMS	 calcd.	 for	 (C18H14FO2)	 [M-H]
-
:	 281.0983	 found	
281.0986.	
	
(E)-8-(2,4,6-trimethylbenzylidene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	
Following	general	procedure	A1	xx	was	obtained	 in	84%	yield	 (77.4	mg)	 (xx:xx’>20:1).	 In	 an	
independent	experiment,	72.0	mg	(78%	yield)	were	obtained,	giving	an	average	of	81%	yield.	
White	solid.	M.P.	=	157-159	
o
C.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.54	(dd,	J	=	6.8,	2.3	Hz,	1H),	7.25	
–	7.20	(m,	2H),	6.84	(s,	2H),	6.39	(s,	1H),	2.72	(t,	J	=	6.4	Hz,	2H),	2.31	(td,	J	=	6.9,	1.6	Hz,	2H),	
2.28	 (s,	3H),	2.16	 (s,	6H),	1.77	 (quint,	 J	 =	6.7	Hz,	2H)	ppm.	 13C	NMR	 (126	MHz,	CDCl3)	δ	175.7,	140.7,	138.5,	136.8,	
136.7,	136.4,	133.9,	130.7,	129.8,	129.2,	128.1,	127.8,	126.3,	30.2,	26.8,	23.2,	21.1,	20.3	ppm.	 IR	(neat,	cm
-1
):	2999,	
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2953,	 2919,	 2864,	 2676,	 2553,	 1673,	 1633,	 1612,	 1584,	 1453,	 1427,	 1412,	 1291,	 1269,	 1182,	 1148,	 851,	 756,	 746.	
HRMS	calcd.	for	(C21H21O2)	[M-H]
-
:	305.1547	found	305.1551.	
	
(E)-8-(2-cyclopentylethylidene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	acid	(xx).	Following	
general	procedure	A1	xx	was	obtained	 in	81%	yield	 (66.1	mg)	 (xx:xx’>20:1).	 In	an	 independent	
experiment,	 65.0	mg	 (80%	 yield)	were	 obtained,	 giving	 an	 average	 of	 81%	 yield.	 Yellow	 solid.	
M.P.	=	90-94	
o
C.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.51	(dd,	J	=	7.0,	1.8	Hz,	1H),	7.22	–	7.15	(m,	2H),	
5.64	(t,	J	=	7.3	Hz,	1H),	2.66	(t,	J	=	6.2	Hz,	2H),	2.59	(t,	J	=	7.0	Hz,	2H),	2.19	(t,	J	=	7.3	Hz,	2H),	1.93	(quint,	J	=	7.6	Hz,	1H),	
1.88	–	1.75	(m,	4H),	1.64	–	1.48	(m,	4H),	1.23	–	1.15	(m,	2H)	ppm.	
13
C	NMR	(126	MHz,	CDCl3)	δ	176.9,	140.8,	139.4,	
133.1,	131.6,	130.2,	129.9,	127.7,	125.6,	40.1,	34.8,	32.6,	30.6,	25.8,	25.3,	23.1	ppm.	IR	(neat,	cm
-1
):	2945,	2863,	2660,	
2569,	 1681,	 1588,	 1449,	 1409,	 1299,	 1190,	 1148,	 929,	 901,	 751,	 713.	 HRMS	 calcd.	 for	 (C18H21O2)	 [M-H]
-
:	 269.1547	
found	269.1544.	
	
(E)-8-(2-chlorobenzylidene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	
general	 procedure	A1	 xx	was	 obtained	 in	 76%	 yield	 (68.5	mg)	 (xx:xx’=n.n:1).	 In	 an	 independent	
experiment,	69.6	mg	(78%	yield)	were	obtained,	giving	an	average	of	77%	yield.	Pale	yellow	solid.	
M.P.	=	209-213	
o
C.	
1
H	NMR	(400	MHz,	DMSO-d6)	δ	7.51	–	7.45	(m,	2H),	7.41	–	7.36	(m,	2H),	7.34	–	
7.26	(m,	3H),	6.54	(s,	1H),	2.69	–	2.63	(m,	4H),	1.77	(quint,	J	=	6.6	Hz,	2H)	ppm.	13C	NMR	(101	MHz,	
DMSO-d6)	δ	171.2,	140.2,	137.9,	136.5,	135.0,	133.1,	132.9,	130.8,	129.3,	129.2,	128.8,	126.9	(2C),	126.5,	125.0,	29.1,	
26.7,	22.7	ppm.	 IR	(neat,	cm
-1
):	2958,	2927,	2684,	2568,	1673,	1583,	1470,	1417,	1294,	1184,	1146,	1033,	882,	863,	
790,	763,	745,	734,	709,	688,	659.	HRMS	calcd.	for	(C18H14ClO2)	[M-H]
-
:	297.0688	found	297.0688.	
	
(E)-8-(4-methoxybenzylidene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	
Following	general	procedure	A1	xx	was	obtained	in	84%	yield	(74.2	mg)	(xx:xx’=17.5:1).	In	an	
independent	experiment,	71.1	mg	(81%	yield)	were	obtained,	giving	an	average	of	82%	yield.	
Pale	yellow	solid.	M.P.	=	162-165	
o
C.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.56	 (dd,	 J	=	6.5,	2.6	Hz,	
1H),	7.30	–	7.26	(m,	2H),	7.23	–	7.18	(m,	2H),	6.88	(d,	J	=	8.4	Hz,	2H),	6.46	(s,	1H),	3.83	(s,	3H),	
2.86	(td,	J	=	7.0,	2.0	Hz,	2H),	2.61	(t,	J	=	6.1	Hz,	2H),	1.85	(quint,	J	=	6.7	Hz,	2H)	ppm.13C	NMR	(126	MHz,	CDCl3)	δ	174.7,	
158.6,	141.6,	140.2,	134.4,	130.8,	130.6	 (right),	130.6	 (left),	130.1,	129.8,	128.4,	126.1,	113.7,	55.4,	30.2,	27.4,	23.2	
ppm.	 IR	 (neat,	 cm
-1
):	 2990,	 2919,	 2855,	 2660,	 2551,	 1674,	 1602,	 1570,	 1509,	 1439,	 1405,	 1291,	 1248,	 1175,	 1148,	
1034,	912,	882,	837,	70,	725.	HRMS	calcd.	for	(C19H17O3)	[M-H]
-
:	293.1183	found	293.1191.	
	
(E)-8-(2-phenylethylidene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	
general	procedure	A1	xx	was	obtained	in	61%	yield	(50.8	mg)	(xx:xx’=n.n:1).	In	an	independent	
experiment,	52.4	mg	(63%	yield)	were	obtained,	giving	an	average	of	62%	yield.	Pale	yellow	oil.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.52	(d,	J	=	7.4	Hz,	1H),	7.27	–	7.17	(m,	7H),	5.75	(t,	J	=	7.5	Hz,	1H),	
3.52	(d,	J	=	7.4	Hz,	2H),	2.72	–	2.65	(m,	4H),	1.87	(quint,	J	=	6.6	Hz,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	175.6,	141.0,	
140.4,	139.1,	134.3,	130.4,	129.6,	128.6,	128.5,	128.1,	126.0	(left),	126.0	(right),	34.8,	30.6,	25.9,	23.0	ppm.	IR	(neat,	
cm
-1
):	3061,	3027,	2929,	1687,	1599,	1452,	1273,	1174,	1074,	971,	912,	748,	697.	HRMS	calcd.	for	(C19H17O2)	[M-H]
-
:	
277.1234	found	277.1235.	
	
(E)-8-(3-(methylthio)benzylidene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	
Following	general	procedure	A1	xx	was	obtained	in	57%	yield	(52.9	mg)	(xx:xx’=10.0:1).	In	an	
independent	experiment,	53.1	mg	(57%	yield)	were	obtained,	giving	an	average	of	57%	yield.	
Pale	yellow	solid.	M.P.	=	153-155	
o
C.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.58	(t,	J	=	4.1	Hz,	1H),	7.27	
–	7.21	(m,	4H),	7.12	(dd,	J	=	25.9,	7.9	Hz,	3H),	6.48	(s,	1H),	2.86	(t,	J	=	6.3	Hz,	2H),	2.64	(t,	J	=	
6.2	Hz,	 2H),	 2.48	 (s,	 3H),	 1.85	 (quint,	 J	 =	6.8	Hz,	 2H)	ppm.	 13C	NMR	 (126	MHz,	CDCl3)	 δ	174.2,	 141.5,	 139.6,	 138.2,	
138.2,	136.6,	130.2,	130.1,	129.6,	128.5,	128.3,	127.3,	126.4,	126.2,	125.1,	29.9,	27.1,	23.0,	15.9	ppm.	IR	(neat,	cm
-1
):	
3011,	2923,	2891,	2865,	2835,	2657,	2551,	1687,	1582,	1561,	1431,	1404,	1267,	1248,	1186,	1156,	1088,	900,	885,	
789,	760,	729,	695,	670.	HRMS	calcd.	for	(C19H17O2S)	[M-H]
-
:	309.0955	found	309.0953.	
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(E)-8-(2-methyl-5-(trifluoromethyl)benzylidene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	
acid	 (xx).	 Following	 general	 procedure	 A1	 xx	 was	 obtained	 in	 82%	 yield	 (81.8	 mg)	
(xx:xx’=n.n:1).	 In	an	 independent	experiment,	78.5	mg	 (79%	yield)	were	obtained,	giving	an	
average	of	81%	yield.	Pale	yellow	solid.	M.P.	=	153-156	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.62	–	
7.54	(m,	1H),	7.45	(s,	1H),	7.43	–	7.37	(m,	1H),	7.28	–	7.22	(m,	3H),	6.47	(s,	1H),	2.71	(t,	J	=	6.4	
Hz,	2H),	2.59	(t,	J	=	6.6	Hz,	2H),	2.23	(s,	3H),	1.84	(quint,	J	=	6.7	Hz,	2H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	175.6,	141.20	
139.1,	138.1,	137.6,	130.7,	130.3,	129.8,	128.4,	128.0	(q,	J	=	32.2	Hz),	127.7,	126.8,	126.0	(q,	J	=	3.7	Hz),	124.5	(q,	J	=	
127.3	Hz),	123.8	(q,	J	=	3.7	Hz),	29.9,	26.7,	23.1,	20.0	ppm.	19F	NMR	(376	MHz,	CDCl3)	δ	-62.28	ppm.	 IR	(neat,	cm
-1
):	
3062,	2955,	2922,	2884,	2834,	2654,	2565,	1680,	1590,	1480,	1448,	1433,	1409,	1292,	1277,	1191,	1155,	933,	889,	
758,	728.	HRMS	calcd.	for	(C20H16F3O2)	[M-H]
-
:	345.1108	found	345.1102.	
	
(E)-8-benzylidene-7-methyl-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	
general	 procedure	A1,	 stirring	 the	 reaction	 for	 24	 hour,	 xx	was	 obtained	 in	 86%	 yield	 (71.8	mg)	
(xx:xx’=n.n:1).	In	an	independent	experiment,	67.5	mg	(81%	yield)	were	obtained,	giving	an	average	
of	84%	yield.	Pale	yellow	solid.	M.P.	=	70-72	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.66	–	7.59	(m,	1H),	
7.39	–	7.31	(m,	4H),	7.29	–	7.24	(m,	3H),	6.44	(s,	1H),	3.46	–	3.33	(m,	1H),	2.82	–	2.73	(m,	1H),	2.68	–	2.55	(m,	1H),	2.24	
–	2.09	 (m,	1H),	1.49	–	1.39	 (m,	1H),	1.25	 (d,	 J	=	6.9	Hz,	3H)	ppm.	 13C	NMR	(126	MHz,	CDCl3)	δ	175.7,	142.2,	140.8,	
139.6,	137.9,	130.5,	130.2,	129.2,	128.9,	128.3,	128.2,	126.8,	126.5,	31.2,	30.7,	27.9,	20.8	ppm.	IR	(neat,	cm
-1
):	2927,	
2667,	2565,	1681,	1584,	1447,	1414,	1294,	1185,	1152,	905,	878,	753,	732,	711,	698.	HRMS	calcd.	for	(C19H17O2)	[M-
H]
-
:	277.1234	found	277.1233.	
	
(E)-8-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzylidene)-5,6,7,8-
tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	 general	 procedure	 A1	 xx	 was	
obtained	in	63%	yield	(73.8	mg)	(xx:xx’=18.0:1).	 In	an	independent	experiment,	69.7	mg	
(60%	yield)	were	obtained,	giving	an	average	of	61%	yield.	White	solid.	M.P.	=	84-88	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.77	(s,	1H),	7.70	–	7.66	(m,	1H),	7.57	(t,	J	=	4.6	Hz,	1H),	7.47	–	
7.42	(m,	1H),	7.38	–	7.32	(m,	1H),	7.21	(d,	J	=	4.7	Hz,	2H),	6.55	(s,	1H),	2.88	(td,	J	=	7.0,	2.0	Hz,	2H),	2.62	(t,	J	=	6.2	Hz,	
2H),	1.84	 (quint,	 J	 =	6.8	Hz,	2H),	1.34	 (s,	12H)	ppm.	 13C	NMR	 (101	MHz,	CDCl3)	δ	174.1,	141.3,	139.8,	137.0,	135.9,	
135.8,	 133.2,	 132.1,	 130.7,	 130.0,	 129.8,	 128.2,	 127.5,	 126.2,	 83.8,	 30.0,	 27.0,	 24.9,	 23.0	 ppm.	 The	 carbon	 directly	
attached	to	the	boron	was	not	detected	in	the	
13
C	NMR	spectra.	
11
B	NMR	(128	MHz,	CDCl3)	δ	32.02	ppm.	IR	(neat,	cm
-
1
):	2977,	2933,	1688,	1412,	1357,	1312,	1269,	1168,	1141,	1077,	852,	757,	706.	HRMS	calcd.	 for	 (C24H26O4B)	 [M-H]
-
:	
388.1966	found	388.1959.	
	
(E)-8-(benzo[d][1,3]dioxol-5-ylmethylene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	
(xx).	Following	general	procedure	A1	xx	was	obtained	in	59%	yield	(54.6	mg)	(xx:xx’=10.0:1).	In	
an	 independent	 experiment,	 56.6	mg	 (57%	 yield)	 were	 obtained,	 giving	 an	 average	 of	 58%	
yield.	Pale	yellow	solid.	M.P.	=	189-196	
o
C.	
1
H	NMR	(500	MHz,	DMSO-d6)	δ	7.41	–	7.35	(m,	1H),	
7.22	(d,	J	=	4.6	Hz,	2H),	6.96	–	6.90	(m,	2H),	6.87	–	6.81	(m,	1H),	6.40	(s,	1H),	6.02	(s,	2H),	2.77	
(t,	J	=	6.3	Hz,	2H),	2.57	(t,	J	=	6.1	Hz,	2H),	1.75	(quint,	J	=	6.7	Hz,	2H)	ppm.	13C	NMR	(126	MHz,	DMSO-d6)	δ	171.4,	147.2,	
146.1,	140.6,	137.5,	134.5,	132.7,	131.4,	128.9,	128.8,	126.7,	126.2,	123.3,	109.1,	108.2,	101.0,	29.5,	27.1,	22.8	ppm.	
IR	(neat,	cm
-1
):	3388,	2955,	2927,	2667,	2568,	1684,	1497,	1485,	1443,	1405,	1290,	1257,	1233,	1185,	1156,	1024,	993,	
924,	889,	810,	765,	725,	622.	HRMS	calcd.	for	(C19H15O4)	[M-H]
-
:	307.0976	found	307.0990.	
	
(E)-8-benzylidene-7-ethyl-5,6,7,8-tetrahydronaphthalene-1-carboxylic	acid	 (xx).	Following	general	
procedure	 A1,	 stirring	 the	 reaction	 for	 24	 hour,	 xx	 was	 obtained	 in	 82%	 yield	 (72.3	 mg)	
(xx:xx’=n.n:1).	In	an	independent	experiment,	70.3	mg	(80%	yield)	were	obtained,	giving	an	average	
of	81%	yield.	Pale	yellow	solid.	M.P.	=	139-143	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.62	–	7.57	(m,	1H),	
7.35	–	7.21	(m,	7H),	6.47	(s,	1H),	3.19	–	3.09	(m,	1H),	2.82	–	2.75	(m,	1H),	2.67	–	2.59	(m,	1H),	2.16	–	2.04	(m,	1H),	1.80	
–	1.69	(m,	1H),	1.60	–	1.51	(m,	1H),	1.47	–	1.36	(m,	1H),	0.98	(t,	J	=	7.4	Hz,	3H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	175.9,	
141.7,	140.5,	139.7,	137.9,	130.4,	129.7,	128.9,	128.4,	128.3,	128.2,	126.7,	126.4,	37.4,	28.7,	27.6,	27.6,	11.8	ppm.	IR	
(neat,	cm
-1
):	3056,	3020,	2957,	2928,	2871,	2659,	2567,	1682,	1593,	1491,	1449,	1406,	1276,	1185,	1152,	916,	758,	
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697.	IR	(neat,	cm
-1
):	3056,	3020,	2957,	2928,	2871,	2659,	2567,	1682,	1593,	1491,	1449,	1406,	1276,	1185,	1152,	916,	
758,	697.	HRMS	calcd.	for	(C20H19O2)	[M-H]
-
:	291.1391	found	291.1389.	
	
(E)-8-benzylidene-4-fluoro-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	 general	
procedure	A1	xx	was	obtained	in	41%	yield	(35.0	mg)	(xx:xx’=n.n:1).	 In	an	 independent	experiment,	
31.7	mg	(38%	yield)	were	obtained,	giving	an	average	of	40%	yield.	Pale	yellow	solid.	M.P.	=	177-182	
o
C.	
1
H	NMR	(400	MHz,	DMSO-d6)	δ	7.51	–	7.42	(m,	1H),	7.42	–	7.29	(m,	2H),	7.29	–	7.16	(m,	5H),	6.50	
(s,	1H),	2.70	(td,	J	=	6.9,	1.8	Hz,	2H),	2.63	(t,	J	=	6.3	Hz,	2H),	1.77	(quint,	J	=	6.6	Hz,	2H)	ppm.	13C	NMR	
(101	MHz,	DMSO-d6)	δ	171.4,	159.7	(d,	J	=	246.2	Hz),	140.3,	138.2,	136.6,	130.6	(d,	J	=	3.1	Hz),	129.1	(d,	J	=	8.4	Hz),	
129.0,	126.7	(d,	J	=	24.7	Hz),	124.7	(d,	J	=	13.6	Hz),	124.2	(d,	J	=	3.4	Hz),	120.5	(d,	J	=	3.9	Hz),	115.4	(d,	J	=	22.0	Hz),	29.3,	
27.0,	22.6	ppm.	
19
F	NMR	(376	MHz,	DMSO	d6)	δ	 -115.30	ppm.	 IR	 (neat,	cm
-1
):	2955,	2658,	2561,	1671,	1596,	1574,	
1421,	 1298,	 1264,	 1187,	 1053,	 1025,	 1002,	 952,	 918,	 836,	 765,	 699.	 HRMS	 calcd.	 for	 (C18H14FO2)	 [M-H]
-
:	 281.0983	
found	281.0987.		
	
(E)-8-benzylidene-3-methoxy-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	 (xx).	 Following	
general	procedure	A1	xx	was	obtained	 in	54%	yield	 (47.3	mg)	 (xx:xx’=n.n:1).	 In	an	 independent	
experiment,	49.3	mg	(56%	yield)	were	obtained,	giving	an	average	of	56%	yield.	Pale	yellow	solid.	
M.P.	=	162-172	
o
C.	
1
H	NMR	(500	MHz,	DMSO-d6)	δ	7.40	–	7.30	(m,	4H),	7.28	–	7.21	(m,	1H),	6.91	
(d,	J	=	2.7	Hz,	1H),	6.86	(d,	J	=	2.7	Hz,	1H),	6.42	(s,	1H),	3.78	(s,	3H),	2.77	(td,	J	=	6.8,	2.0	Hz,	2H),	2.59	(t,	J	=	6.2	Hz,	2H),	
1.75	(quint,	J	=	6.7	Hz,	2H)	ppm.13C	NMR	(126	MHz,	DMSO-d6)	δ	171.1,	157.5,	142.2,	137.4,	135.5,	134.0,	129.6,	129.0,	
128.2,	 127.5,	 126.6,	 114.4,	 112.0,	 55.3,	 29.7,	 27.2,	 22.7	 ppm.	 IR	 (neat,	 cm
-1
):	 2928,	 2864,	 1679,	 1593,	 1569,	 1473,	
1440,	1411,	1297,	1262,	1236,	1189,	1144,	1129,	1050,	1033,	692.	HRMS	calcd.	for	(C19H17O3)	[M-H]
-
:	293.1183	found	
293.1193.	
	
(E)-8-(4-(trifluoromethoxy)benzylidene)-5,6,7,8-tetrahydronaphthalene-1-carboxylic	 acid	
(xx).	Following	general	procedure	A1	xx	was	obtained	in	55%	yield	(57.7	mg)	(xx:xx’=n.n:1).	
In	an	independent	experiment,	58.2	mg	(55%	yield)	were	obtained,	giving	an	average	of	55%	
yield.	Pale	yellow	solid.	M.P.	=	105-113	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.58	(dd,	J	=	5.2,	3.9	
Hz,	1H),	7.35	–	7.28	(m,	2H),	7.27	–	7.21	(m,	2H),	7.21	–	7.14	(m,	2H),	6.46	(s,	1H),	2.83	(td,	J	
=	7.1,	2.0	Hz,	2H),	2.64	(t,	2H),	1.86	(quint,	J	=	6.7	Hz,	2H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	175.6,	147.9	(q,	J	=	1.9	Hz),	
141.7,	139.7,	137.1,	136.5,	130.7,	130.4,	129.1,	128.4,	126.7,	120.7	(2C),	119.6	(q,	J	=	258.2	Hz),	30.0,	27.1,	23.0	ppm.	
19
F	NMR	(376	MHz,	CDCl3)	δ	-57.90	ppm.	IR	(neat,	cm
-1
):	2937,	2864,	2656,	2566,	1670,	1587,	1505,	1414,	1250,	1183,	
1160,	1017,	947,	873,	815,	753.	HRMS	calcd.	for	(C19H14F3O3)	[M-H]
-
:	347.0901	found	347.0895.	
	
(E)-8-(3-((tert-butyldimethylsilyl)oxy)benzylidene)-5,6,7,8-tetrahydronaphthalene-1-
carboxylic	acid	(xx).	Following	general	procedure	A1	xx	was	obtained	in	43%	yield	(50.9	
mg)	 (xx:xx’=n.n:1).	 In	 an	 independent	 experiment,	 52.5	mg	 (44%	yield)	were	obtained,	
giving	an	average	of	43%	yield.	Pale	yellow	solid.	M.P.	=	103-111	
o
C.	
1
H	NMR	(300	MHz,	
CDCl3)	δ	7.60	–	7.54	(m,	1H),	7.25	–	7.15	(m,	3H),	6.90	(d,	J	=	7.7	Hz,	1H),	6.82	(t,	J	=	2.0	
Hz,	1H),	6.76	–	6.70	(m,	1H),	6.46	(s,	1H),	2.89	–	2.81	(m,	2H),	2.63	(t,	J	=	6.2	Hz,	2H),	1.85	(quint,	J	=	6.8	Hz,	2H),	0.99	
(s,	9H),	0.20	 (s,	6H)	ppm.
13
C	NMR	 (126	MHz,	CDCl3)	δ	174.5,	155.5,	141.6,	139.9,	139.1,	136.1,	130.7,	130.2,	129.8,	
129.1,	 128.4,	 126.4,	 122.7,	 121.0,	 118.8,	 30.1,	 27.3,	 25.9,	 23.2,	 18.4,	 -4.22	 ppm.	 IR	 (neat,	 cm
-1
):	 2929,	 2857,	 1686,	
1595,	 1575,	 1471,	 1434,	 1280,	 1252,	 1173,	 1157,	 950,	 836,	 779,	 758,	 693.	 HRMS	 calcd.	 for	 (C24H29O3Si)	 [M-H]
-
:	
393.1891	found	393.1877.	
	
(E)-4-benzylidene-1,1-dimethyl-1,2,3,4-tetrahydrobenzo[b]siline-5-carboxylic	 acid	 (xx).	 Following	
general	procedure	B1	at	0.2	mmol	scale,	xx	was	obtained	in	58%	yield	(36.0	mg)	(xx:xx’=n.n:1).	In	an	
independent	experiment,	34.2	mg	(55%	yield)	were	obtained,	giving	an	average	of	57%	yield.	White	
solid.	M.P.	=	119-125	
o
C	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.73	(dd,	J	=	7.7,	1.4	Hz,	1H),	7.59	(dd,	J	=	7.3,	1.4	
Hz,	1H),	7.37	–	7.27	(m,	5H),	6.43	(s,	1H),	2.80	(t,	J	=	7.2	Hz,	2H),	1.10	(t,	J	=	7.2	Hz,	2H),	0.28	(s,	6H)	
ppm.	
13
C	NMR	(126	MHz,	CDCl3)	δ	180.6,	150.2,	142.4,	139.4,	138.2,	136.30,	130.9,	130.3,	129.7,	128.7,	128.6,	127.0,	
F
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126.5,	25.7,	13.1,	-0.7	ppm.	IR	(neat,	cm
-1
):	3021,	2953,	2925,	2892,	1684,	1405,	1290,	1248,	1129,	871,	838,	787,	761,	
695.	HRMS	calcd.	for	(C19H19O2Si)	[M-H]
-
:	307.1160	found	307.1167.	
	
(E)-4-(4-methoxybenzylidene)-1,1-dimethyl-1,2,3,4-tetrahydrobenzo[b]siline-5-carboxylic	
acid	 (xx).	Following	general	procedure	B1	at	0.2	mmol	scale,	xx	was	obtained	 in	63%	yield	
(42.4	mg)	(xx:xx’=n.n:1).	In	an	independent	experiment,	43.0	mg	(64%	yield)	were	obtained,	
giving	an	average	of	63%	yield.	White	solid.	M.P.	=	162-166	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	
7.74	–	7.70	(m,	1H),	7.60	–	7.56	(m,	1H),	7.36	–	7.31	(m,	1H),	7.23	–	7.18	(m,	2H),	6.87	–	6.82	
(m,	2H),	6.37	(s,	1H),	3.80	(s,	3H),	2.80	(t,	J	=	7.2	Hz,	2H),	1.10	(t,	J	=	7.2	Hz,	2H),	0.28	(s,	6H).	
13
C	NMR	(126	MHz,	CDCl3)	δ	175.7,	158.5,	150.2,	140.9,	139.1,	136.0,	130.6	(left),	130.6	(right),	129.8,	129.7,	129.6,	
126.1,	113.9,	55.4,	25.4,	12.9,	-0.9	ppm.	IR	(neat,	cm
-1
):	3003,	2955,	2895,	1678,	1606,	1573,	1508,	1404,	1292,	1243,	
1178,	1121,	1034,	873,	791,	767,	693,	650.	HRMS	calcd.	for	(C20H21O3Si)	[M-H]
-
:	337.1265	found	337.1264.	
	
(E)-4-(2-cyclopentylethylidene)-1,1-dimethyl-1,2,3,4-tetrahydrobenzo[b]siline-5-carboxylic	acid	
(xx).	Following	general	procedure	B1	at	0.2	mmol	scale,	xx	was	obtained	in	64%	yield	(40.4	mg)	
(xx:xx’=n.n:1).	 In	 an	 independent	 experiment,	 39.1	 mg	 (62%	 yield)	 were	 obtained,	 giving	 an	
average	of	63%	yield.	Light	yellow	solid.	M.P.	=	114-118	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.64	(dd,	
J	=	7.7,	1.4	Hz,	1H),	7.51	(dd,	J	=	7.2,	1.4	Hz,	1H),	7.29	–	7.24	(m,	1H),	5.41	(t,	J	=	7.3	Hz,	1H),	2.63	
(t,	J	=	7.1	Hz,	2H),	2.17	(t,	J	=	7.2	Hz,	2H),	1.89	(quint,	J	=	7.6	Hz,	1H),	1.79	–	1.73	(m,	2H),	1.63	–	1.47	(m,	4H),	1.22	–	
1.13	(m,	2H),	1.02	(t,	J	=	7.1	Hz,	2H),	0.23	(s,	6H)	ppm.	13C	NMR	(126	MHz,	CDCl3)	δ	175.7,	150.3,	139.5,	138.5,	136.0,	
131.0,	130.3,	129.5,	125.6,	40.37,	34.9,	32.6,	25.3,	25.2,	13.2,	-0.8	ppm.	IR	(neat,	cm
-1
):	2946,	2862,	1682,	1562,	1455,	
1405,	1295,	1247,	1209,	1130,	869,	835,	811,	788,	761,	687,	629.	HRMS	calcd.	for	(C19H25O2Si)	[M-H]
-
:	313.1629	found	
313.1626	
	
(E)-4-benzylidene-1,1-diethyl-1,2,3,4-tetrahydrobenzo[b]siline-5-carboxylic	 acid	 (xx).	 Following	
general	procedure	B1	at	0.2	mmol	scale,	xx	was	obtained	in	60%	yield	(40.2	mg)	(xx:xx’=n.n:1).	In	an	
independent	experiment,	39.3	mg	 (58%	yield)	were	obtained,	giving	an	average	of	59%	yield.	 Light	
yellow	oil.	
1
H	NMR	(300	MHz,	CDCl3)	δ	7.75	(dd,	J	=	7.7,	1.4	Hz,	1H),	7.59	(dd,	J	=	7.3,	1.4	Hz,	1H),	7.39	
–	7.27	(m,	5H),	7.19	–	7.14	(m,	1H),	6.45	(s,	1H),	2.80	(t,	J	=	7.2	Hz,	2H),	1.12	(t,	J	=	7.2	Hz,	2H),	0.99	–	
0.95	(m,	4H),	0.90	–	0.70	(m,	6H)	ppm.	
13
C	NMR	(101	MHz,	CDCl3)	δ	176.2,	151.0,	142.6,	138.1,	137.1,	136.5,	130.5,	
129.9,	129.3,	128.5,	128.4,	126.7,	126.1,	26.0,	9.0,	7.4,	5.8	ppm.	IR	(neat,	cm
-1
):	3020,	2952,	2872,	2670,	1561,	1491,	
1456,	 1443,	 1406,	 1289,	 1129,	 1015,	 910,	 861,	 759,	 730,	 696,	 597.	 HRMS	 calcd.	 for	 (C21H23O2Si)	 [M-H]
-
:	 335.1473	
found	335.1470.	
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Ni-catalyzed	carboxylation	of	vinyl	bromides	(Table	3):		
	
2-(1,2-diphenylvinyl)benzoic	 acid	 (xx).	 Following	 general	 procedure	C1	xx	was	 obtained	 in	 55%	
yield	 (50.1	mg)	 (Z:E=2.5:1).	 In	an	 independent	experiment,	56.7	mg	 (63%	yield)	 (Z:E=2.5:1)	were	
obtained,	giving	an	average	of	59%	yield.	Pale	yellow	solid.	M.P.	=	154-160	
o
C.	
1
H	NMR	(500	MHz,	
CDCl3)	δ	8.07	–	8.03	(m,	1H),	7.51	(td,	J	=	7.5,	1.5	Hz,	1H),	7.43	(td,	J	=	7.6,	1.4	Hz,	1H),	7.25	–	7.21	
(m,	5H),	7.12	–	7.10	(m,	2H),	7.09	–	7.07	(m,	2H),	6.97	(s,	1H),	6.94	–	6.89	(m,	2H)	ppm.	
13
C	NMR	(126	MHz,	CDCl3)	δ	
171.0,	142.8,	142.6,	142.2,	137.3,	133.4,	132.5,	131.8,	130.7,	130.1,	129.4,	128.3,	128.2,	127.8,	127.4,	127.1,	126.9	
ppm.	 IR	 (neat,	 cm
-1
):	 2966,	 2652,	 1685,	 1598,	 1568,	 1490,	 1445,	 1406,	 1295,	 1266,	 761,	 693.	 HRMS	 calcd.	 for	
(C21H15O2)	[M-H]
-
:	299.1078	found	299.1073.	
	
3-(1-(Naphthalen-2-yl)-2-phenylvinyl)-2-naphthoic	 acid	 (xx).	 Following	 general	 procedure	 C1	
on	 0.2	 mmol	 scale,	 xx	 was	 obtained	 in	 58%	 yield	 (70	 mg)	 (Z:E=2.23:1).	 In	 an	 independent	
experiment,	 70	 mg	 (58%	 yield)	 (Z:E=2.27:1)	 were	 obtained,	 giving	 an	 average	 of	 58%	 yield.	
white	solid.	M.P.	>	180	
o
C	(decomp.).	
1
H	NMR	(main	isomer,	400	MHz,	CDCl3)	δ	8.66	(s,	1H),	8.03	
–	7.87	(m,	2H),	7.80	–	7.28	(m,	10H),	7.19	–	7.16	(m,	2H),	7.15	(s,	1H),	7.06	–	6.94	(m,	3H).	ppm.	
13
C	NMR	(101	MHz,	CDCl3)	δ	171.5,	142.2,	140.7,	137.7,	137.5,	135.6,	133.8,	133.4,	132.9,	132.0,	131.5,	129.8,	129.5,	
129.3,	128.9,	128.8,	128.4,	128.2,	128.0,	127.9,	127.6,	127.1,	126.8,	126.2,	126.1,	125.6,	125.7	ppm.	 IR	 (neat,	cm
-1
):	
3055,	3019,	2964,	2924,	2658,	1767,	1689,	1627,	1595,	1491,	1462,	1446,	1401,	1280,	1199,	902,	820,	746,	695,	476.	
HRMS	calcd.	for	(C29H19O2)	[M-H]
-
:	399.1391	found	327.1383.	
	
4-Methyl-2-(2-phenyl-1-(m-tolyl)vinyl)benzoic	 acid	 (xx).	 Following	 general	 procedure	 C1	 on	 0.2	
mmol	scale,	xx	was	obtained	 in	65%	yield	(43.4	mg)	(Z:E=1.87:1).	 In	an	 independent	experiment,	
42.6	mg	(65%	yield)	(Z:E=1.83:1)	were	obtained,	giving	an	average	of	65%	yield.	white	solid.	M.P.	=	
127-130	
o
C.	
1
H	NMR	(main	isomer,	400	MHz,	CDCl3)	δ	7.97	(d,	J	=	8.0	Hz,	1H),	7.23	(d,	J	=	8.0	Hz,	
1H),	7.18	–	6.88	(m,	10H),	2.34	(s,	3H),	2.29	(s,	3H)	ppm.	
13
C	NMR	(101	MHz,	CDCl3)	δ	171.3,	144.1,	
142.9,	142.7,	142.3,	137.7,	137.4,	132.8,	131.9,	129.5,	129.7,	128.6,	128.2,	128.1,	128.1,	127.7,	127.6,	126.7,	124.4,	
21.7,	21.6	ppm.	IR	(neat,	cm
-1
):	3020,	2961,	2921,	2859,	2655,	2542,	1770,	1687,	1601,	1566,	1491,	1444,	1410,	1306,	
1269,	1224,	1152,	1080,	940,	783,	751,	693.	HRMS	calcd.	for	(C23H19O2)	[M-H]
-
:	327.1391	found	327.1382	
	
2-(1-phenylprop-1-en-2-yl)benzoic	acid	(xx).	Following	general	procedure	C1	xx	was	obtained	in	65%	
yield	 (46.8	mg)	 (Z:E=3.2:1).	 In	 an	 independent	 experiment,	 44.0	mg	 (62%	 yield)	 (Z:E=2.27:1)	 were	
obtained,	giving	an	average	of	63%	yield.	Pale	yellow	oil.	
1
H	NMR	(400	MHz,	CDCl3)	δ	8.00	(d,	J	=	7.8	
Hz,	1H),	7.55	(td,	J	=	7.6,	1.4	Hz,	1H),	7.40	–	7.35	(m,	5H),	7.26	(t,	J	=	3.3	Hz,	1H),	7.04	(t,	J	=	7.4	Hz,	
1H),	6.39	(s,	1H),	2.25	(d,	J	=	1.4	Hz,	3H)	ppm.	
13
C	NMR	(101	MHz,	CDCl3)	δ	173.3,	148.2,	139.7,	138.2,	132.7,	131.0,	
129.8,	129.1,	128.5,	128.3,	128.2,	127.1,	126.6,	20.5	ppm.	IR	(neat,	cm
-1
):	2981,	1686,	1597,	1407,	1265,	1138,	1059,	
1033,	908,	760,	730,	695.	HRMS	calcd.	for	(C16H13O2)	[M-H]
-
:	237.0921	found	237.0921.	
	
2-(1-phenylhex-1-en-2-yl)benzoic	acid	(xx).	Following	general	procedure	C1	xx	was	obtained	in	52%	
yield	 (43.6	 mg)	 (Z:E=n.n:1).	 In	 an	 independent	 experiment,	 42.0	 mg	 (50%	 yield)	 (Z:E=n.n:1)	 were	
obtained,	giving	an	average	of	51%	yield.	Pale	yellow	oil.	
1
H	NMR	(400	MHz,	CDCl3)	δ	8.01	(d,	J	=	7.5	
Hz,	1H),	7.54	(td,	J	=	7.5,	1.3	Hz,	1H),	7.39	–	7.31	(m,	5H),	7.28	–	7.20	(m,	1H),	7.07	–	7.00	(m,	1H),	
6.36	(s,	1H),	2.81	–	2.58	(m,	2H),	1.35	–	1.23	(m,	4H),	0.79	(t,	J	=	7.1	Hz,	3H)	ppm.	13C	NMR	(101	MHz,	CDCl3)	δ	173.0,	
144.6,	143.8,	138.2,	137.6,	132.4,	131.1,	130.5,	128.9,	128.8,	128.3,	128.0,	126.6,	32.7,	30.7,	23.0,	14.0	ppm.	IR	(neat,	
cm
-1
):	2958,	2929,	2860,	1732,	1692,	1598,	1569,	1446,	1406,	1375,	1264,	1245,	1136,	1046,	907,	729,	696,	649.	HRMS	
calcd.	for	(C19H19O2)	[M-H]
-
:	279.1391	found	279.1399.	
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Application	(Scheme	3):	
	
	
	
	(R)-8a-((S)-bromo(phenyl)methyl)-6,7,8,8a-tetrahydro-2H-naphtho[1,8-bc]furan-2-one	 (xx).	 xx	was	
synthetized	 following	a	modified	experimental	procedure	described	 in	 the	 literature.
55
	xx	 (26.4	mg,	
0.1	mmol,	1.0	equiv)	and	trifluoroacetic	acid	(7.6	ml,	0.01	mmol	,0.1	equiv)	in	dry	acetonitrile	(1	mL)	
at	25	ºC	was	added	N-bromosucicinimide	(19.6	mg,	0.11mmol,	1.1	equiv).	The	resulting	mixture	was	
stirred	 at	 25	 ºC	 for	 30	min.	After	 the	 reaction	was	 completed,	 acetonitrile	was	 removed	under	 reduced	pressures.	
Then	the	reaction	was	quenched	with	saturated	solution	of	Na2SO3	and	extracted	three	times	with	ethyl	acetate.	The	
combined	extracts	were	washed	with	brine,	dried	with	MgSO4	concentrated	under	vacuum	and	purification	by	flash	
column	 chromatography	 on	 silica	 gel	 (10/1	 hexane/EtOAc)	 afforded	 xx	 in	 83%	 yield	 (28.6	mg,	 0.083	mmol).	 Light-
yellow	solid.	White	solid.	M.P.	=	163-168	
o
C.		
1
H	NMR	(500	MHz,	CDCl3)	δ	7.36	–	7.31	(m,	1H),	7.30	–	7.26	(m,	2H),	7.16	
–	7.04	(m,	5H),	5.28	(s,	1H),	3.12	–	3.04	(m,	2H),	2.94	–	2.86	(m,	1H),	2.30	–	2.11	(m,	2H),	1.69	–	1.61	(m,	1H)	ppm.	
13
C	
NMR	(101	MHz,	CDCl3)	δ	169.0,	148.5,	135.6,	133.6,	132.1,	130.1,	129.1,	128.7,	128.0,	125.0,	122.8,	85.3,	55.2,	31.6,	
23.3,	17.7	ppm.	IR	(neat,	cm
-1
):	2923,	1756,	1601,	1482,	1450,	1344,	1281,	1250,	1128,	1095,	1083,	993,	935,	762,	702,	
642,	631.	HRMS	calcd.	for	(C18H15BrNaO2)	[M+Na]
+
:	365.0148	found	365.0148.	
	
8a-benzyl-6,7,8,8a-tetrahydro-2H-naphtho[1,8-bc]furan-2-one	 (xx).	 xx	 was	 synthetized	 following	 a	
modified	experimental	procedure	described	in	the	literature.
56
	xx	(52.8	mg,	0.2	mmol,	1.0	equiv)	was	
added	to	 ice-cooled	concentrated	H2SO4	(1	mL)	and	stirred	for	5	min.	Then	the	brown	solution	was	
poured	to	crushed	ice	and	extracted	three	times	with	DCM	after	ice	melting.	The	combined	organic	
layers	were	washed	with	water,	 followed	by	 saturated	 a	 saturated	 solution	of	NaHCO3	 and	brine.	 The	 solvent	was	
removed	 under	 reduced	 pressure	 and	 purification	 by	 flash	 column	 chromatography	 on	 silica	 gel	 (20/1	 to	 10/1	
hexane/EtOAc)	afforded	xx	in	88%	yield	(46.3	mg,	0.17	mmol).	White	solid.	White	solid.	M.P.	=	88-92	
o
C.	
1
H	NMR	(400	
MHz,	CDCl3)	δ	7.48	–	7.44	(m,	1H),	7.39	–	7.33	(m,	2H),	7.19	–	7.14	(m,	3H),	7.05	–	7.00	(m,	2H),	3.24	(d,	J	=	14.1	Hz,	
1H),	3.14	–	3.03	(m,	2H),	2.92	–	2.83	(m,	1H),	2.42	–	2.35	(m,	1H),	2.26	–	2.16	(m,	1H),	2.10	–	2.02	(m,	1H),	1.60	–	1.51	
(m,	1H)	ppm.
13
C	NMR	(101	MHz,	CDCl3)	δ	169.8,	151.7,	134.9,	134.1,	131.9,	130.5,	129.7,	128.2,	127.0,	125.0,	122.8,	
85.3,	42.9,	30.6,	23.6,	18.6	ppm.	 IR	 (neat,	cm
-1
):	2920,	1750,	1605,	1482,	1451,	1357,	1279,	1106,	1075,	1026,	983,	
893,	774,	700,	617.	HRMS	calcd.	for	(C18H17O2)	[M+H]
+
:	265.1223	found	265.1229.	
	
	(3S,3aS)-3-(4-methoxyphenyl)-3a,4,5,6-tetrahydro-1H,3H-benzo[de]isochromen-1-one	 (xx).	
xx	was	synthetized	following	a	modified	experimental	procedure	described	in	the	literature.
56
	
xx	 (34.3	mg,	 0.1	mmol,	 1.0	 equiv)	was	 added	 to	 ice-cooled	 concentrated	H2SO4	 (1	mL)	 and	
stirred	 for	 5	min.	 Then	 the	 brown	 solution	was	 poured	 to	 crushed	 ice	 and	 extracted	 three	
times	 with	 DCM	 after	 ice	 melting.	 The	 combined	 organic	 layers	 were	 washed	 with	 water,	
followed	by	saturated	a	saturated	solution	of	NaHCO3	and	brine.	The	solvent	was	removed	under	reduced	pressure	
and	purification	by	flash	column	chromatography	on	silica	gel	(20/1	to	10/1	hexane/EtOAc)	afforded	xx	 in	62%	yield	
                                                
55
	T.	Chen,	Y-Y.	Yeung,	Org.	Biomol.	Chem.,	2016,	14,	4571.	
56
	X.	Yang,	X.	Jin,	C.	Wang,	Adv.	Synth.	Catal.	2016,	358,	2436.	
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(18.3	mg,	0.062	mmol).	White	solid.	M.P.	=	104-108	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	7.97	(d,	J	=	7.4	Hz,	1H),	7.40	–	7.31	
(m,	4H),	6.94	(d,	J	=	8.8	Hz,	2H),	5.02	(d,	J	=	11.5	Hz,	1H),	3.84	(s,	3H),	3.23	–	3.12	(m,	1H),	2.95	–	2.78	(m,	2H),	2.05	–	
1.94	(m,	1H),	1.71	–	1.50	(m,	2H),	1.28	–	1.14	(m,	1H)	ppm.	
13
C	NMR	(101	MHz,	CDCl3)	δ	165.6,	160.1,	138.3,	135.7,	
134.3,	 131.4,	 129.2,	 128.7,	 128.1,	 127.2,	 113.9,	 85.4,	 55.3,	 40.0,	 28.3,	 24.8,	 21.7	 ppm.	 IR	 (neat,	 cm
-1
):	 2948,	 2918,	
2841,	1759,	1714,	1612,	1584,	1512,	1457,	1355,	1295,	1273,	1249,	1171,	1125,	1171,	1125,	1032,	833,	756.	HRMS	
calcd.	for	(C19H18NaO3)	[M+Na]
+
:	317.1148	found	317.1142.	
	
3-phenyl-5,6-dihydro-1H,4H-benzo[de]isochromen-1-one	 (xx).	 xx	 was	 synthetized	 following	 a	
modified	 experimental	 procedure	 described	 in	 the	 literature.
57
	xx	 (26.4	 mg,	 0.1	 mmol,	 1.0	 equiv),	
PdCl2(CH3CN)2	(13.0	mg,	5	mol%,	0.05	mmol,	0.05	equiv)	and	1,4-benzoquinone	(14.0	mg,	0.13	mmol,	
1.3	equiv)	were	placed	 in	a	 reaction	 tube	under	 inert	atmosphere.	Degassed	THF	 (1	ml)	was	added,	
and	 the	 reaction	 was	 stirred	 for	 12	 hours	 at	 room	 temperature.	 After	 this	 time	 the	 solvent	 was	 removed	 under	
reduced	pressure	and	purification	by	flash	column	chromatography	on	silica	gel	(20/1	hexane/EtOAc)	afforded	xx	 in	
88%	yield	(23	mg,	0.088	mmol).	White	solid.	White	solid.	M.P.	=	129-134	
o
C.	
1
H	NMR	(400	MHz,	CDCl3)	δ	8.24	–	8.16	
(m,	1H),	7.66	–	7.58	(m,	2H),	7.56	–	7.49	(m,	1H),	7.51	–	7.37	(m,	4H),	2.96	(t,	J	=	6.0	Hz,	2H),	2.86	(t,	J	=	6.0	Hz,	2H),	
1.91	(p,	J	=	6.3	Hz,	2H)	ppm.	
13
C	NMR	(101	MHz,	CDCl3)	δ	162.9,	148.8,	136.3,	135.0,	134.2,	133.1,	129.3,	129.1,	128.3,	
127.7	 (left),	 127.7	 (right),	 120.8,	 110.9,	 30.0,	 26.6,	 22.7	 ppm.	 IR	 (neat,	 cm
-1
):	 2935,	 1707,	 1627,	 1596,	 1494,	 1456,	
1315,	1269,	1229,	1109,	1079,	1025,	791,	764,	727,	701,	490.	HRMS	calcd.	for	(C18H14NaO2)	[M+Na]
+
:	285.0886	found	
285.0879.	 	
                                                
57
	T.	Minami,	A.	Nishimoto,	Y.	Nakamura,	M.	Hanaoka.	Chem.	Pharm.	Bull,	1994,	42,	1700.	
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Mechanistic	studies	(Scheme	X):	
	
Experiments	with	deuterated	substrates:	
	
(1) Experiment	with	fully	deuterated	vinyl	bromide	XX.	
	
	
	
Following	 general	 procedure	C1,	 using	xx	 (103.5	mg,	 0.3	mmol,	 1.0	 equiv)	 afforded	xx	 in	 45%	 yield	 (41.5	mg,	 0.13	
mmol).	xx	was	obtained	in	40%	yield	(31.9	mg,	0.012	mmol).		
	
2-(2-phenyl-1-(phenyl-d5)vinyl-2-d)benzoic-3,4,5,6-d4	 acid	 (xx).	 Pale	 yellow	 solid.	M.P.	 =	 152-
156	
o
C.	 Spectra	 for	 the	 mixture	 of	 isomer	 (indistinguishable	 by	
1
H	 NMR).
	 1
H	 NMR	 (400	 MHz,	
CDCl3)	δ	7.18	–	7.05	 (m,	3.63H),	6.95	–	6.90	 (m,	1.37H)	ppm.	Spectra	 for	 the	major	 isomer.	
13
C	
NMR	(101	MHz,	CDCl3)	δ	171.3,	142.7,	142.5,	142.1,	137.5,	137.3,	130.0,	129.4,	128.1,	126.8	ppm.	
IR	(neat,	cm
-1
):	3020,	2927,	1685,	1566,	1543,	1429,	1425,	1261,	757,	693,	535.	HRMS	calcd.	for	
(C21H5D10O2)	[M-H]
-
:	309.1705	found	309.1708.	
	
1-(2-phenyl-1-(phenyl-2,3,4,5-d4)vinyl-2-d)benzene-2,3,4,5,6-d5	 (xx).	White	 solid.	
1
H	NMR	 (400	
MHz,	CDCl3)	δ	7.34	(s,	0.16H),	7.18	–	7.08	(m,	3H),	7.07	–	7.02	(m,	2H),	6.98	(s,	0.84H)	ppm.	
13
C	
NMR	(126	MHz,	CDCl3)	δ	143.4,	142.6,	140.3,	137.5,	129.7,	128.2,	128.1,	126.9	ppm.	
	
	
	
(2) KIE	with	partially	deuterated	vinyl	bromide	XX.	
	
	
	
Step	1:	2-(2-Phenyl-1-(phenyl-2-d)vinyl-2-d)benzoic	acid	(xx).	Following	general	procedure	C1	xx	was	obtained	in	58%	
yield	(35.0	mg)	(xx:xx’=2.51:1).	In	an	independent	experiment,	36.4	mg	(60%	yield)	were	obtained,	giving	an	average	
of	59%	yield.	White	solid.	HRMS	calcd.	for	(C21H13D2O2)	[M-H]
-
:	301.1203	found	301.1194	
	
Step	2:	(1-(Phenyl-2-d)ethene-1,2-diyl-2-d)dibenzene	(xx).	The	carboxylic	acid	from	the	previous	step	(xx,	35	mg,	0.11	
mmol)	was	added	to	a	Schlenk-tube.	Copper	powder	(21	mg,	0.33	mmol.)	was	added.	The	flask	was	flushed	with	argon	
and	quinoline	(660	µL)	was	added.	The	reaction	was	stirred	at	220	°C	for	3	h	and	cooled	to	room-temperature.	The	
reaction	was	quenched	with	HCl	(2M)	and	extracted	with	hexanes	(3×20	mL).	The	organic	phases	were	washed	with	
HCl	(2M,	3×10	mL)	and	dried	over	MgSO4.	The	product	was	purified	by	column	chromatography	(hexanes),	giving	99%	
yield	(30.0	mg),	(vinyl-D:	17%d,	Ar-D:	86%d).	In	an	independent	experiment,	30.2	mg	(99%	yield),	(vinyl-D:	18%d,	Ar-D:	
84%d)	were	obtained,	giving	an	average	of	99%	yield,	 (vinyl-D:	17.5%d,	Ar-D:	85%d)	white	solid.	
1
H	NMR	(500	MHz,	
CDCl3)	δ	7.37	–	7.27	(m,	7H),	7.24	–	7.21	(m,	1.14H),	7.17	–	7.09	(m,	3H),	7.07	–	7.02	(m,	2H),	6.99	(s,	0.84H)	ppm.	
13
C	
NMR	 (126	MHz,	 CDCl3)	 δ	 143.5,	 142.7,	 140.4,	 137.5,	 130.5,	 129.7,	 128.8,	 128.7,	 128.4,	 128.3,	 128.2,	 128.1,	 127.7,	
127.6,	127.6,	126.9	ppm.
	
CO2, MnCr (1.25 equiv)
DMA, 15 ºC, 12h
NiBr2(Lx)2 (10 mol%)
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Synthesis	of	nickel	oxidative	addition	complexes	XX	and	XX	and	stoichiometric	experiments:	
	
Synthesis	of	vinyl	oxidative	addition	complex	XX.	
	xx	was	synthetized	following	a	modified	experimental	procedure	described	in	the	literature.
58
	To	
a	 solution	 of	 TMEDA	 (415	mg,	 3.59	mmol)	 and	 bromotriphenylethylene	 (1.2	 g,	 3.59	mmol)	 in	
toluene	(20mL)	was	added	Ni(COD)2	(1,0	g,	3.59	mmol,	1.0	equiv),	and	the	mixture	was	stirred	at	
room	 temperature	 for	 40	min.	n-Pentane	 (80	mL)	was	 added	 to	 the	mixture	 and	 the	 resulting	
solid	was	collected	on	a	frit.	The	solid	was	washed	with	n-pentane	(3×25	mL)	and	dried	in	vacuo	
to	give	the	product	(pink	solid,	1.5	g,	85%).	Single	crystals	suitable	for	XRD	analysis	were	obtained	by	slow	evaporation	
of	a	solution	in	THF.	NMR	data	was	in	accordance	to	the	one	described	in	the	literature.
58
	
1
H	NMR	(400	MHz,	THF-d8)	δ	
9.16	(d,	J	=	7.7	Hz,	2H),	7.82	(d,	J	=	7.0	Hz,	2H),	7.42	(t,	J	=	7.6	Hz,	2H),	7.19	(t,	J	=	7.2	Hz,	1H),	7.00	–	6.85	(m,	6H),	6.78	
(d,	J	=	6.8	Hz,	2H),	2.47	–	2.03	(m,	16H)	ppm.	13C	NMR	(101	MHz,	THF-d8)	δ	148.8,	148.0,	146.9,	144.8,	143.2,	132.4,	
131.3,	129.8,	129.1,	127.9,	127.7,	126.0,	125.3,	124.4,	50.1,	48.3	ppm.	
	
Synthesis	of	aryl	oxidative	addition	complex	XX.	
xx	was	synthetized	following	a	modified	experimental	procedure	described	in	the	literature.
59
	
In	 a	 nitrogen	 filled	 glove	 box	 a	 reaction	 a	 vial	 was	 charged	 with	 Ni(COD)2	 (137.5	 mg,	 0.5	
mmol),	 6-methyl-2,2'-bipyridine	 (85.1	 mg,	 0.5	 mmol)	 and	 THF	 (4	 mL).	 The	 resulting	 black	
solution	was	left	to	stir	for	1	hour	at	room	temperature.	To	the	reaction	tube	was	added	(1-(2-
bromophenyl)ethene-1,2-diyl)dibenzene	(838	mg,	2.5	mmol)	dissolved	in	1	ml	THF	and	left	to	
stir	for	12	h.	The	resulting	dark	red	solution	was	added	pentane	(4	ml)	to	precipitate	all	the	complex.	The	precipitate	
was	 collected	on	a	 frit,	 rinsed	with	pentane	and	 residual	 solvent	was	 removed	under	high	vacuum	to	give	 the	 title	
compound	as	a	dark	red	powder	(132	mg,	0.23	mmol,	47%	yield).	Diffraction	quality	crystals	of	XX	were	grown	by	slow	
evaporation	of	THF	in	a	glove	box	freezer.	MS	(MALDI-TOF)	calcd.	for	(C31H25N2Ni)	[M-Br]
+
	483.14	found	483.3	
	
(1) Stoichiometric	experiments	with	oxidative	addition	complex	XX.	
	
	
	
-With	Lx.	An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	complex	xx	(25.5	mg,	0.05	mmol,	1.0	
equiv)	in	the	glovebox.	The	schlenk	tube	was	taken	out	of	the	glovebox	and	evacuated	and	back-filled	under	CO2	flow	
for	at	 least	3	 times.	Lx	 (23.8	mg,	0.1	mmol,	2.0	equiv)	and	DMF	(0.1	M,	0.5	mL)	were	added	under	CO2	 flow.	Once	
added,	 the	 schlenk	 tube	was	 closed	at	 atmospheric	pressure	of	CO2	 (1	atm)	and	 stirred	 for	48	hours	at	15	 ºC.	 The	
mixture	was	quenched	with	2M	HCl	(2	ml)	to	hydrolyze	the	resulting	carboxylate	and	extracted	3	times	with	AcOEt.	
The	combined	organic	 layers	were	dried	over	MgSO4	and	concentrated	under	reduced	pressure.	The	products	were	
purified	by	 flash	chromatography	on	silica	gel	 (hexanes/AcOEt	10/1	 followed	by	hexanes/AcOEt	3/1)	 to	afford	xx	 in	
49%	yield	(7.3	mg,	0.024	mmol).]	
	
-Without	Lx.	Following	the	previous	procedure	in	the	absence	of	Lx	did	not	afford	any	carboxylated	product.	
	
(2) Stoichiometric	experiment	with	oxidative	addition	complex	XX.	
                                                
58
	E.	Lee,	J.	M.	Hooker,	T.	Ritter.,	J.	Am.	Chem.	Soc.	2012,	134,	17456.	
59
	B.	J.	Shields,	B.	Kudisch,	G.	D.	Scholes,	A.	G.	Doyle.,	J.	Am.	Chem.	Soc.	2018,	140,	3035.	
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An	oven-dried	schlenk	tube	containing	a	stirring	bar	was	charged	with	complex	xx	(28.1	mg,	0.05	mmol,	1.0	equiv)	in	
the	glovebox.	The	schlenk	 tube	was	 taken	out	of	 the	glovebox	and	evacuated	and	back-filled	under	CO2	 flow	for	at	
least	 3	 times.	 DMA	 (0.025	 M,	 2.0	 mL)	 was	 added	 under	 CO2	 flow.	 Once	 added,	 the	 schlenk	 tube	 was	 closed	 at	
atmospheric	pressure	of	CO2	(1	atm)	and	stirred	for	48	hours	at	15	ºC.	The	mixture	was	quenched	with	2M	HCl	(2	ml)	
to	hydrolyze	the	resulting	carboxylate	and	extracted	3	times	with	AcOEt.	The	combined	organic	layers	were	dried	over	
MgSO4	and	concentrated	under	reduced	pressure.	The	products	were	purified	by	flash	chromatography	on	silica	gel	
(hexanes/AcOEt	10/1	followed	by	hexanes/AcOEt	3/1)	to	afford	xx	 in	55%	yield	(8.2	mg,	0.027	mmol)	and	xx	in	43%	
yield	(5.5	mg,	0.021	mmol).	
	
(3) Stoichiometric	experiments	with	XX	and	Ni(COD)2.	
	
	
Following	general	procedure	A1,	but	using	using	xx	(0.1	mmol,	29.9	mg),	stoichiometric	amount	of	Ni(COD)2	(27.5	mg,	
0.1	mmol,	1.0	equiv),	Lx	(50.4	mg,	0.2	mmol,	2.0	equiv),	DMF	(1	ml,	0.1	M)	in	the	absence	of	reductant	afforded	xx	in	
74%	yield	(19.6	mg,	0.074	mmol,	xx:xx’=14:1)	.	
	
(4) Solvating	xx	in	DMF	in	the	absence	of	CO2	
	
Solubilizing	XX	 in	DMF	in	the	absence	of	CO2	afforded	white	crystals	of	dimer	xx	after	one	week.	
White	solid.	M.P.	=	243-245	ºC.	
1
H	NMR	(500	MHz,	CDCl3)	δ	7.20	–	7.09	(m,	9H),	7.06	–	6.95	(m,	
10H),	6.94	–	6.90	(m,	2H),	6.88	–	6.83	(m,	4H),	6.79	–	6.73	(m,	2H),	6.68	–	6.62	(m,	2H),	6.25	(s,	1H)	
ppm.	
13
C	 NMR	 (101	MHz,	 CDCl3)	 δ	 144.2,	 143.8	 (left),	 143.8	 (right),	 142.7,	 142.4,	 141.1,	 141.0,	
140.3,	 137.6,	 133.3,	 131.8,	 131.6,	 131.5,	 131.3,	 130.5,	 130.4,	 129.8,	 129.2,	 128.5,	 128.3,	 128.2,	
127.7	(left),	127.7	(right),	127.5,	127.3,	127.1,	127.0,	126.8,	126.5,	126.4	(left),	126.4	(right),	126.1	ppm.	IR	(neat,	cm
-
1
):	3346,	3077,	3046,	3020,	2922,	2851,	1598,	1489,	1442,	1074,	1027,	906,	779,	759,	745,	696,	625,	581.	HRMS	calcd.	
for	(C40H31)	[M+H]
+
:	511.2420	found	511.2424.	
	
(5) Solvating	xx	in	THF	in	the	absence	of	CO2	
	
Solubilizing	XX	 in	DMF	in	the	absence	of	CO2	afforded	yellow	crystals	of	complex	xx	after	one	
week.		
	 	
H
XX
CO2H
XX, 55% yield
DMA, 15ºC
(E:Z, 2.2 : 1)
CO2
XX, 43% yield
NiII
N
NBr
Ph
HPh
Me
XX (X-Ray)
+
H
Ph
Br
CO2HHPh
CO2 (1 atm)
1a
H
NN
Me
CF3
Lx
1.0 equiv
Ni
DMF, 15 ºC
L5 (2.0 equiv) XX, 74% yield (14 : 1)
H
Ph
Ph
Ph
Ph
Ph
NiII N
NMe
Br
Br
N
N
Me
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X-Ray	Crystallography	data	for	XX	
	
 
	
Table	1.		Crystal	data	and	structure	refinement	for	mo_mb2-b.	
_____________________________________________________________________	
Identification	code		 mo_mb2-b	
Empirical	formula		 C50	H40	Br4	Cl4	F12	N8	Ni2		
Formula	weight		 1559.76	
Temperature		 100(2)	K	
Wavelength		 0.71073	Å	
Crystal	system		 Orthorhombic	
Space	group		 Pbcn	
Unit	cell	dimensions	 a	=		13.8725(9)Å	 a=		90°.	
	 b	=		12.4952(7)Å	 b	=	90°.	
	 c	=		15.8443(9)Å	 g	=		90°.	
Volume	 2746.4(3)	Å3	
Z	 2	
Density	(calculated)	 1.886	Mg/m3	
Absorption	coefficient	 3.876	mm-1	
F(000)	 	1536	
Crystal	size	 	0.30	x	0.20	x	0.05	mm3	
Theta	range	for	data	collection	 2.194	to	28.887°.	
Index	ranges	 -17<=h<=18,-13<=k<=16,-21<=l<=14	
Reflections	collected	 	19125	
Independent	reflections	 3484[R(int)	=	0.0498]	
Completeness	to	theta	=28.887°	 	96.200005%		
Absorption	correction	 	Multi-scan	
Max.	and	min.	transmission	 	0.830	and	0.638	
Refinement	method	 	Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 	3484/	0/	183	
Goodness-of-fit	on	F2	 	1.203	
Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0626,	wR2	=	0.1515	
R	indices	(all	data)	 	R1	=	0.0686,	wR2	=	0.1538	
Largest	diff.	peak	and	hole	 	0.906	and	-0.915	e.Å-3	
	
Table	2.			Bond	lengths	[Å]	and	angles	[°]	for		mo_mb2-b.	
_____________________________________________________	
Bond	lengths----	
Ni1-N1#1		 2.060(5)	
Ni1-N1		 2.061(5)	
Ni1-N2		 2.193(4)	
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Ni1-N2#1		 2.193(4)	
Ni1-Br1#1		 2.5955(8)	
Ni1-Br1		 2.5955(8)	
C1-N2		 1.354(8)	
C1-C2		 1.406(8)	
C1-C11		 1.482(9)	
C2-C3		 1.390(10)	
C2-H2		 0.9500	
C3-C4		 1.371(10)	
C3-C12		 1.505(8)	
C4-C5		 1.405(7)	
C4-H4		 0.9500	
C5-N2		 1.352(8)	
C5-C6		 1.469(8)	
C6-N1		 1.348(7)	
C6-C7		 1.391(8)	
C7-C8		 1.385(9)	
C7-H7		 0.9500	
C8-C9		 1.383(8)	
C8-H8		 0.9500	
C9-C10		 1.376(8)	
C9-H9		 0.9500	
C10-N1		 1.344(8)	
C10-H10		 0.9500	
C11-H11A		 0.9800	
C11-H11B		 0.9800	
C11-H11C		 0.9800	
C12-F2		 1.334(9)	
C12-F1		 1.337(8)	
C12-F3		 1.352(8)	
C1S-Cl1S		 1.770(6)	
C1S-Cl1S#1		 1.770(6)	
C1S-H1S1		 0.9900	
C1S-H1S2		 0.9900	
	
Angles----------	
N1-Ni1-N1#1	 179.1(3)	
N1-Ni1-N2#1	 102.87(18)	
N1-Ni1-N2	 77.80(19)	
N1#1-Ni1-N2#1	 77.81(19)	
N1-Ni1-N2#1	 102.87(18)	
N2-Ni1-N2#1	 83.6(2)	
N1#1-Ni1-Br1#1	 93.81(13)	
N1-Ni1-Br1#1	 85.62(12)	
N2-Ni1-Br1#1	 89.23(12)	
N2#1-Ni1-Br1#1	 167.40(14)	
N1-Ni1-Br1#1	 85.61(12)	
N1-Ni1-Br1	 93.81(13)	
N2-Ni1-Br1	 167.40(14)	
N2-Ni1-Br1#1	 89.23(12)	
Br1-Ni1-Br1#1	 99.60(4)	
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N2-C1-C2	 121.2(6)	
N2-C1-C11	 119.7(5)	
C2-C1-C11	 119.1(6)	
C3-C2-C1	 118.8(6)	
C3-C2-H2	 120.6	
C1-C2-H2	 120.6	
C4-C3-C2	 120.1(5)	
C4-C3-C12	 120.5(6)	
C2-C3-C12	 119.3(6)	
C3-C4-C5	 118.4(6)	
C3-C4-H4	 120.8	
C5-C4-H4	 120.8	
N2-C5-C4	 122.2(6)	
N2-C5-C6	 116.6(5)	
C4-C5-C6	 121.2(5)	
N1-C6-C7	 121.4(6)	
N1-C6-C5	 115.6(5)	
C7-C6-C5	 123.1(5)	
C8-C7-C6	 119.3(5)	
C8-C7-H7	 120.4	
C6-C7-H7	 120.4	
C9-C8-C7	 118.9(6)	
C9-C8-H8	 120.5	
C7-C8-H8	 120.5	
C10-C9-C8	 119.1(6)	
C10-C9-H9	 120.5	
C8-C9-H9	 120.5	
N1-C10-C9	 122.4(5)	
N1-C10-H10	 118.8	
C9-C10-H10	 118.8	
C1-C11-H11A	 109.5	
C1-C11-H11B	 109.5	
H11A-C11-H11B	 109.5	
C1-C11-H11C	 109.5	
H11A-C11-H11C	 109.5	
H11B-C11-H11C	 109.5	
F2-C12-F1	 108.4(6)	
F2-C12-F3	 106.7(6)	
F1-C12-F3	 106.0(6)	
F2-C12-C3	 111.9(6)	
F1-C12-C3	 111.9(5)	
F3-C12-C3	 111.7(5)	
C10-N1-C6	 118.9(5)	
C10-N1-Ni1	 124.2(4)	
C6-N1-Ni1	 116.9(4)	
C5-N2-C1	 118.8(5)	
C5-N2-Ni1	 110.9(4)	
C1-N2-Ni1	 129.3(4)	
Cl1S-C1S-Cl1S#1	 110.8(5)	
Cl1S-C1S-H1S1	 109.5	
Cl1S-C1S-H1S1#1	 109.5	
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Cl1S-C1S-H1S2	 109.5	
Cl1S-C1S-H1S2#1	 109.5	
H1S1-C1S-H1S2	 108.1	
-------------------------------------------------------	
Symmetry	transformations	used	to	generate	equivalent	atoms:		
#1		-x+1,	y,	-z+3/2	
	
Table	3.		Torsion	angles	[°]	for	mo_mb2-b.	
________________________________________________________________	
N2-C1-C2-C3	 -2.7(9)	
C11-C1-C2-C3	 175.1(5)	
C1-C2-C3-C4	 -3.3(9)	
C1-C2-C3-C12	 179.3(6)	
C2-C3-C4-C5	 4.7(8)	
C12-C3-C4-C5	 -177.9(5)	
C3-C4-C5-N2	 -0.2(8)	
C3-C4-C5-C6	 -179.0(5)	
N2-C5-C6-N1	 13.4(7)	
C4-C5-C6-N1	 -167.7(5)	
N2-C5-C6-C7	 -166.3(5)	
C4-C5-C6-C7	 12.5(8)	
N1-C6-C7-C8	 0.5(8)	
C5-C6-C7-C8	 -179.7(5)	
C6-C7-C8-C9	 -0.4(9)	
C7-C8-C9-C10	 -0.6(9)	
C8-C9-C10-N1	 1.6(9)	
C4-C3-C12-F2	 23.9(8)	
C2-C3-C12-F2	 -158.6(6)	
C4-C3-C12-F1	 145.7(6)	
C2-C3-C12-F1	 -36.8(9)	
C4-C3-C12-F3	 -95.7(8)	
C2-C3-C12-F3	 81.8(8)	
C9-C10-N1-C6	 -1.5(8)	
C9-C10-N1-Ni1	 -178.1(4)	
C7-C6-N1-C10	 0.5(7)	
C5-C6-N1-C10	 -179.3(5)	
C7-C6-N1-Ni1	 177.3(4)	
C5-C6-N1-Ni1	 -2.5(6)	
C4-C5-N2-C1	 -5.6(7)	
C6-C5-N2-C1	 173.3(5)	
C4-C5-N2-Ni1	 164.6(4)	
C6-C5-N2-Ni1	 -16.6(5)	
C2-C1-N2-C5	 7.0(8)	
C11-C1-N2-C5	 -170.8(5)	
C2-C1-N2-Ni1	 -161.1(4)	
C11-C1-N2-Ni1	 21.2(8)	
-----------------------------------------------------------------	
Symmetry	transformations	used	to	generate	equivalent	atoms:		
#1		-x+1,	y,	-z+3/2	
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Table	1.		Crystal	data	and	structure	refinement	for	mo_xw4110_0m.	
_____________________________________________________________________	
Identification	code		 mo_xw4110_0m	
Empirical	formula		 C18	H16	O2		
Formula	weight		 264.31	
Temperature		 100(2)	K	
Wavelength		 0.71073	Å	
Crystal	system		 Orthorhombic	
Space	group		 Pbca	
Unit	cell	dimensions	 a	=		8.6560(8)Å	 a=		90°.	
	 b	=		11.3735(8)Å	 b	=	90°.	
	 c	=		27.925(2)Å	 g	=		90°.	
Volume	 2749.2(4)	Å3	
Z	 8	
Density	(calculated)	 1.277	Mg/m3	
Absorption	coefficient	 0.082	mm-1	
F(000)	 	1120	
Crystal	size	 	0.40	x	0.40	x	0.10	mm3	
Theta	range	for	data	collection	 2.769	to	34.724°.	
Index	ranges	 -11<=h<=13,-11<=k<=16,-44<=l<=9	
Reflections	collected	 	19420	
Independent	reflections	 5295[R(int)	=	0.0642]	
Completeness	to	theta	=34.724°	 	89.4%		
Absorption	correction	 	Empirical	
Max.	and	min.	transmission	 	0.992	and	0.402	
Refinement	method	 	Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 	5295/	2/	187	
Goodness-of-fit	on	F2	 	1.030	
Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0607,	wR2	=	0.1564	
R	indices	(all	data)	 	R1	=	0.0834,	wR2	=	0.1745	
Largest	diff.	peak	and	hole	 	0.730	and	-0.261	e.Å-3	
	
Table	2.			Bond	lengths	[Å]	and	angles	[°]	for		mo_xw4110_0m.	
_____________________________________________________	
Bond	lengths----	
O1-C18		 1.2585(15)	
O2-C18		 1.2829(15)	
C1-C6		 1.4071(17)	
C1-C2		 1.4097(16)	
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C1-C10		 1.4799(16)	
C2-C3		 1.3984(17)	
C2-C18		 1.4874(17)	
C3-C4		 1.3872(19)	
C4-C5		 1.3928(19)	
C5-C6		 1.3897(18)	
C6-C7		 1.5044(18)	
C7-C8		 1.5302(19)	
C8-C9		 1.5364(19)	
C9-C10		 1.5162(17)	
C10-C11		 1.3464(17)	
C11-C12		 1.4711(17)	
C12-C13		 1.4000(18)	
C12-C17		 1.4048(17)	
C13-C14		 1.3955(18)	
C14-C15		 1.389(2)	
C15-C16		 1.386(2)	
C16-C17		 1.3900(19)	
	
Angles----------	
C6-C1-C2	 118.78(11)	
C6-C1-C10	 116.95(10)	
C2-C1-C10	 124.16(11)	
C3-C2-C1	 120.07(11)	
C3-C2-C18	 117.67(10)	
C1-C2-C18	 121.80(11)	
C4-C3-C2	 120.52(11)	
C3-C4-C5	 119.25(12)	
C6-C5-C4	 121.19(12)	
C5-C6-C1	 119.79(11)	
C5-C6-C7	 123.01(11)	
C1-C6-C7	 117.17(11)	
C6-C7-C8	 108.31(10)	
C7-C8-C9	 111.31(11)	
C10-C9-C8	 112.76(10)	
C11-C10-C1	 119.45(11)	
C11-C10-C9	 124.32(11)	
C1-C10-C9	 115.87(10)	
C10-C11-C12	 128.83(11)	
C13-C12-C17	 118.09(11)	
C13-C12-C11	 123.31(11)	
C17-C12-C11	 118.57(12)	
C14-C13-C12	 120.55(12)	
C15-C14-C13	 120.47(13)	
C16-C15-C14	 119.66(13)	
C15-C16-C17	 120.14(13)	
C16-C17-C12	 121.08(13)	
O1-C18-O2	 123.18(12)	
O1-C18-C2	 119.66(11)	
O2-C18-C2	 117.02(11)	
-------------------------------------------------------	
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Table	3.		Torsion	angles	[°]	for	mo_xw4110_0m.	
________________________________________________________________	
C6-C1-C2-C3	 -6.85(17)	
C10-C1-C2-C3	 169.26(11)	
C6-C1-C2-C18	 165.25(11)	
C10-C1-C2-C18	 -18.64(17)	
C1-C2-C3-C4	 3.63(18)	
C18-C2-C3-C4	 -168.80(11)	
C2-C3-C4-C5	 2.00(18)	
C3-C4-C5-C6	 -4.38(19)	
C4-C5-C6-C1	 1.08(18)	
C4-C5-C6-C7	 179.15(12)	
C2-C1-C6-C5	 4.52(17)	
C10-C1-C6-C5	 -171.87(11)	
C2-C1-C6-C7	 -173.67(11)	
C10-C1-C6-C7	 9.94(16)	
C5-C6-C7-C8	 -136.06(12)	
C1-C6-C7-C8	 42.06(15)	
C6-C7-C8-C9	 -61.76(14)	
C7-C8-C9-C10	 29.58(14)	
C6-C1-C10-C11	 129.02(12)	
C2-C1-C10-C11	 -47.15(16)	
C6-C1-C10-C9	 -44.41(14)	
C2-C1-C10-C9	 139.41(11)	
C8-C9-C10-C11	 -150.95(12)	
C8-C9-C10-C1	 22.13(14)	
C1-C10-C11-C12	 -177.96(11)	
C9-C10-C11-C12	 -5.12(19)	
C10-C11-C12-C13	 -34.61(19)	
C10-C11-C12-C17	 147.55(13)	
C17-C12-C13-C14	 -0.91(18)	
C11-C12-C13-C14	 -178.75(12)	
C12-C13-C14-C15	 0.1(2)	
C13-C14-C15-C16	 0.2(2)	
C14-C15-C16-C17	 0.3(2)	
C15-C16-C17-C12	 -1.1(2)	
C13-C12-C17-C16	 1.40(19)	
C11-C12-C17-C16	 179.35(12)	
C3-C2-C18-O1	 143.85(12)	
C1-C2-C18-O1	 -28.44(16)	
C3-C2-C18-O2	 -31.85(16)	
C1-C2-C18-O2	 155.86(11)	
-----------------------------------------------------------------	
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Table	1.		Crystal	data	and	structure	refinement	for	mb7isomer.	
_____________________________________________________________________	
Identification	code		 mb7isomer	
Empirical	formula		 C18	H16	O2		
Formula	weight		 264.31	
Temperature		 100(2)	K	
Wavelength		 0.71073	Å	
Crystal	system		 Monoclinic	
Space	group		 P2(1)/c	
Unit	cell	dimensions	 a	=		16.8492(9)Å	 a=		90°.	
	 b	=		8.7623(4)Å	 b	=	100.588(5)°.	
	 c	=		19.0314(10)Å	 g	=		90°.	
Volume	 2761.9(2)	Å3	
Z	 8	
Density	(calculated)	 1.271	Mg/m3	
Absorption	coefficient	 0.082	mm-1	
F(000)	 	1120	
Crystal	size	 	?	x	?	x	?	mm3	
Theta	range	for	data	collection	 2.177	to	32.178°.	
Index	ranges	 -24<=h<=23,-13<=k<=12,-24<=l<=27	
Reflections	collected	 	29947	
Independent	reflections	 8891[R(int)	=	0.0324]	
Completeness	to	theta	=32.178°	 	91.299995%		
Absorption	correction	 	Multi-scan	
Max.	and	min.	transmission	 	0.992	and	0.763	
Refinement	method	 	Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 	8891/	0/	363	
Goodness-of-fit	on	F2	 	1.041	
Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0442,	wR2	=	0.1171	
R	indices	(all	data)	 	R1	=	0.0590,	wR2	=	0.1257	
Largest	diff.	peak	and	hole	 	0.426	and	-0.265	e.Å-3	
	
Table	2.			Bond	lengths	[Å]	and	angles	[°]	for		mb7isomer.	
_____________________________________________________	
Bond	lengths----	
O1A-C1A		 1.2480(12)	
O2A-C1A		 1.3171(12)	
C1A-C2A		 1.5080(13)	
C2A-C3A		 1.3592(13)	
C2A-C13A		 1.5065(13)	
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C3A-C4A		 1.4888(13)	
C3A-C12A		 1.5167(13)	
C4A-C5A		 1.4119(13)	
C4A-C9A		 1.4190(13)	
C5A-C6A		 1.3931(14)	
C6A-C7A		 1.4067(15)	
C7A-C8A		 1.3912(15)	
C8A-C9A		 1.4040(13)	
C9A-C10A		 1.5234(13)	
C10A-C11A		 1.5333(14)	
C11A-C12A		 1.5484(14)	
C13A-C14A		 1.4054(14)	
C13A-C18A		 1.4079(14)	
C14A-C15A		 1.4014(14)	
C15A-C16A		 1.4004(15)	
C16A-C17A		 1.4013(16)	
C17A-C18A		 1.4000(14)	
O1B-C1B		 1.3172(12)	
O2B-C1B		 1.2481(11)	
C1B-C2B		 1.5101(13)	
C2B-C3B		 1.3676(13)	
C2B-C13B		 1.4983(13)	
C3B-C4B		 1.4940(14)	
C3B-C12B		 1.5224(13)	
C4B-C5B		 1.4155(14)	
C4B-C9B		 1.4215(14)	
C5B-C6B		 1.3933(14)	
C6B-C7B		 1.4013(15)	
C7B-C8B		 1.3966(15)	
C8B-C9B		 1.4053(14)	
C9B-C10B		 1.5266(14)	
C10B-C11B		 1.5294(15)	
C11B-C12B		 1.5453(15)	
C13B-C18B		 1.4053(14)	
C13B-C14B		 1.4084(14)	
C14B-C15B		 1.4034(15)	
C15B-C16B		 1.3966(18)	
C16B-C17B		 1.3996(17)	
C17B-C18B		 1.3967(14)	
	
Angles----------	
O1A-C1A-O2A	 122.91(9)	
O1A-C1A-C2A	 121.62(9)	
O2A-C1A-C2A	 115.28(8)	
C3A-C2A-C13A	 123.23(8)	
C3A-C2A-C1A	 123.78(8)	
C13A-C2A-C1A	 112.83(8)	
C2A-C3A-C4A	 124.50(8)	
C2A-C3A-C12A	 122.59(8)	
C4A-C3A-C12A	 112.82(8)	
C5A-C4A-C9A	 119.21(8)	
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C5A-C4A-C3A	 121.76(8)	
C9A-C4A-C3A	 118.97(8)	
C6A-C5A-C4A	 120.97(9)	
C5A-C6A-C7A	 119.72(9)	
C8A-C7A-C6A	 119.51(9)	
C7A-C8A-C9A	 121.73(9)	
C8A-C9A-C4A	 118.64(9)	
C8A-C9A-C10A	 118.87(8)	
C4A-C9A-C10A	 122.42(8)	
C9A-C10A-C11A	 114.01(8)	
C10A-C11A-C12A	 110.60(8)	
C3A-C12A-C11A	 107.48(8)	
C14A-C13A-C18A	 118.88(9)	
C14A-C13A-C2A	 119.63(9)	
C18A-C13A-C2A	 121.48(9)	
C15A-C14A-C13A	 120.71(9)	
C16A-C15A-C14A	 119.94(9)	
C15A-C16A-C17A	 119.81(9)	
C18A-C17A-C16A	 120.18(9)	
C17A-C18A-C13A	 120.46(9)	
O2B-C1B-O1B	 122.57(9)	
O2B-C1B-C2B	 120.94(9)	
O1B-C1B-C2B	 116.32(8)	
C3B-C2B-C13B	 123.87(9)	
C3B-C2B-C1B	 123.87(9)	
C13B-C2B-C1B	 112.22(8)	
C2B-C3B-C4B	 124.28(9)	
C2B-C3B-C12B	 121.90(9)	
C4B-C3B-C12B	 113.73(8)	
C5B-C4B-C9B	 118.41(9)	
C5B-C4B-C3B	 121.28(9)	
C9B-C4B-C3B	 120.23(9)	
C6B-C5B-C4B	 121.43(9)	
C5B-C6B-C7B	 119.82(10)	
C8B-C7B-C6B	 119.38(10)	
C7B-C8B-C9B	 121.61(9)	
C8B-C9B-C4B	 119.06(9)	
C8B-C9B-C10B	 119.09(9)	
C4B-C9B-C10B	 121.82(9)	
C9B-C10B-C11B	 112.91(8)	
C10B-C11B-C12B	 110.42(9)	
C3B-C12B-C11B	 108.06(8)	
C18B-C13B-C14B	 118.34(9)	
C18B-C13B-C2B	 119.39(9)	
C14B-C13B-C2B	 122.27(9)	
C15B-C14B-C13B	 120.56(10)	
C16B-C15B-C14B	 120.17(10)	
C15B-C16B-C17B	 119.85(10)	
C18B-C17B-C16B	 119.82(10)	
C17B-C18B-C13B	 121.23(10)	
-------------------------------------------------------	
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Table	3.		Torsion	angles	[°]	for	mb7isomer.	
________________________________________________________________	
O1A-C1A-C2A-C3A	 -130.56(11)	
O2A-C1A-C2A-C3A	 54.40(13)	
O1A-C1A-C2A-C13A	 53.99(12)	
O2A-C1A-C2A-C13A	 -121.06(9)	
C13A-C2A-C3A-C4A	 -178.49(9)	
C1A-C2A-C3A-C4A	 6.51(16)	
C13A-C2A-C3A-C12A	 5.09(15)	
C1A-C2A-C3A-C12A	 -169.90(9)	
C2A-C3A-C4A-C5A	 37.26(15)	
C12A-C3A-C4A-C5A	 -146.01(9)	
C2A-C3A-C4A-C9A	 -145.73(10)	
C12A-C3A-C4A-C9A	 31.00(12)	
C9A-C4A-C5A-C6A	 4.23(15)	
C3A-C4A-C5A-C6A	 -178.76(9)	
C4A-C5A-C6A-C7A	 -0.11(16)	
C5A-C6A-C7A-C8A	 -2.90(16)	
C6A-C7A-C8A-C9A	 1.75(16)	
C7A-C8A-C9A-C4A	 2.37(15)	
C7A-C8A-C9A-C10A	 -174.82(10)	
C5A-C4A-C9A-C8A	 -5.29(14)	
C3A-C4A-C9A-C8A	 177.62(9)	
C5A-C4A-C9A-C10A	 171.79(9)	
C3A-C4A-C9A-C10A	 -5.30(14)	
C8A-C9A-C10A-C11A	 -173.30(9)	
C4A-C9A-C10A-C11A	 9.63(13)	
C9A-C10A-C11A-C12A	 -38.53(11)	
C2A-C3A-C12A-C11A	 117.48(10)	
C4A-C3A-C12A-C11A	 -59.32(10)	
C10A-C11A-C12A-C3A	 63.31(10)	
C3A-C2A-C13A-C14A	 -71.66(13)	
C1A-C2A-C13A-C14A	 103.83(10)	
C3A-C2A-C13A-C18A	 109.35(12)	
C1A-C2A-C13A-C18A	 -75.16(12)	
C18A-C13A-C14A-C15A	 -1.13(14)	
C2A-C13A-C14A-C15A	 179.86(9)	
C13A-C14A-C15A-C16A	 0.76(15)	
C14A-C15A-C16A-C17A	 0.01(15)	
C15A-C16A-C17A-C18A	 -0.39(15)	
C16A-C17A-C18A-C13A	 0.01(15)	
C14A-C13A-C18A-C17A	 0.74(15)	
C2A-C13A-C18A-C17A	 179.74(9)	
O2B-C1B-C2B-C3B	 132.49(11)	
O1B-C1B-C2B-C3B	 -52.14(14)	
O2B-C1B-C2B-C13B	 -49.77(12)	
O1B-C1B-C2B-C13B	 125.61(9)	
C13B-C2B-C3B-C4B	 172.58(9)	
C1B-C2B-C3B-C4B	 -9.93(16)	
C13B-C2B-C3B-C12B	 -11.05(15)	
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C1B-C2B-C3B-C12B	 166.43(9)	
C2B-C3B-C4B-C5B	 -30.77(15)	
C12B-C3B-C4B-C5B	 152.60(9)	
C2B-C3B-C4B-C9B	 152.42(10)	
C12B-C3B-C4B-C9B	 -24.20(13)	
C9B-C4B-C5B-C6B	 -5.14(15)	
C3B-C4B-C5B-C6B	 178.00(9)	
C4B-C5B-C6B-C7B	 0.82(16)	
C5B-C6B-C7B-C8B	 3.18(16)	
C6B-C7B-C8B-C9B	 -2.80(16)	
C7B-C8B-C9B-C4B	 -1.57(16)	
C7B-C8B-C9B-C10B	 176.49(10)	
C5B-C4B-C9B-C8B	 5.43(15)	
C3B-C4B-C9B-C8B	 -177.67(9)	
C5B-C4B-C9B-C10B	 -172.57(10)	
C3B-C4B-C9B-C10B	 4.33(15)	
C8B-C9B-C10B-C11B	 166.72(10)	
C4B-C9B-C10B-C11B	 -15.28(15)	
C9B-C10B-C11B-C12B	 45.17(12)	
C2B-C3B-C12B-C11B	 -123.32(10)	
C4B-C3B-C12B-C11B	 53.39(11)	
C10B-C11B-C12B-C3B	 -64.69(11)	
C3B-C2B-C13B-C18B	 131.03(11)	
C1B-C2B-C13B-C18B	 -46.71(12)	
C3B-C2B-C13B-C14B	 -49.84(14)	
C1B-C2B-C13B-C14B	 132.41(9)	
C18B-C13B-C14B-C15B	 -1.04(14)	
C2B-C13B-C14B-C15B	 179.82(9)	
C13B-C14B-C15B-C16B	 -0.61(15)	
C14B-C15B-C16B-C17B	 1.06(16)	
C15B-C16B-C17B-C18B	 0.17(16)	
C16B-C17B-C18B-C13B	 -1.88(15)	
C14B-C13B-C18B-C17B	 2.30(14)	
C2B-C13B-C18B-C17B	 -178.55(9)	
-----------------------------------------------------------------	
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Table	1.		Crystal	data	and	structure	refinement	for	mo_DJM065HF2_0m.	
_____________________________________________________________________	
Identification	code		 mo_DJM065HF2_0m	
Empirical	formula		 C21	H16	O2		
Formula	weight		 300.34	
Temperature		 100(2)	K	
Wavelength		 0.71073	Å	
Crystal	system		 Monoclinic	
Space	group		 P2(1)/c	
Unit	cell	dimensions	 a	=		9.3491(4)Å	 a=		90°.	
	 b	=		9.3991(4)Å	 b	=	96.9317(12)°.	
	 c	=		18.1237(8)Å	 g	=		90°.	
Volume	 1580.95(12)	Å3	
Z	 4	
Density	(calculated)	 1.262	Mg/m3	
Absorption	coefficient	 0.080	mm-1	
F(000)	 	632	
Crystal	size	 	0.20	x	0.20	x	0.10	mm3	
Theta	range	for	data	collection	 2.194	to	31.560°.	
Index	ranges	 -13<=h<=10,-13<=k<=12,-26<=l<=23	
Reflections	collected	 	16033	
Independent	reflections	 5060[R(int)	=	0.0274]	
Completeness	to	theta	=31.560°	 	95.5%		
Absorption	correction	 	Multi-scan	
Max.	and	min.	transmission	 	0.992	and	0.937	
Refinement	method	 	Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 	5060/	612/	406	
Goodness-of-fit	on	F2	 	1.030	
Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0467,	wR2	=	0.1210	
R	indices	(all	data)	 	R1	=	0.0594,	wR2	=	0.1288	
Largest	diff.	peak	and	hole	 	0.410	and	-0.216	e.Å-3	
	
Table	2.			Bond	lengths	[Å]	and	angles	[°]	for		mo_DJM065HF2_0m.	
_____________________________________________________	
Bond	lengths----	
C1-O2		 1.2372(15)	
C1-O1		 1.3088(16)	
C1-C2		 1.4877(15)	
C2-C3		 1.3981(15)	
C2-C7		 1.4070(16)	
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C3-C4		 1.3883(15)	
C4-C5		 1.3886(17)	
C5-C6		 1.3888(17)	
C6-C7		 1.4009(15)	
C7-C8		 1.4965(16)	
C8-C15		 1.3481(17)	
C8-C9		 1.4908(16)	
C9-C10		 1.3957(17)	
C9-C14		 1.4033(17)	
C10-C11		 1.3923(18)	
C11-C12		 1.3870(19)	
C12-C13		 1.3876(19)	
C13-C14		 1.3913(18)	
C15-C16		 1.4716(17)	
C16-C17		 1.3975(18)	
C16-C21		 1.4040(18)	
C17-C18		 1.3947(18)	
C18-C19		 1.386(2)	
C19-C20		 1.391(2)	
C20-C21		 1.386(2)	
C1'-O2'		 1.234(5)	
C1'-O1'		 1.309(5)	
C1'-C2'		 1.492(4)	
C2'-C3'		 1.3900	
C2'-C7'		 1.3900	
C3'-C4'		 1.3900	
C4'-C5'		 1.3900	
C5'-C6'		 1.3900	
C6'-C7'		 1.3900	
C7'-C8'		 1.504(4)	
C8'-C15'		 1.349(5)	
C8'-C9'		 1.493(5)	
C9'-C10'		 1.393(5)	
C9'-C14'		 1.405(5)	
C10'-C11'		 1.394(5)	
C11'-C12'		 1.384(5)	
C12'-C13'		 1.386(5)	
C13'-C14'		 1.384(5)	
C15'-C16'		 1.474(5)	
C16'-C17'		 1.398(5)	
C16'-C21'		 1.401(5)	
C17'-C18'		 1.388(5)	
C18'-C19'		 1.384(5)	
C19'-C20'		 1.385(5)	
C20'-C21'		 1.385(5)	
	
Angles----------	
O2-C1-O1	 122.79(11)	
O2-C1-C2	 122.29(12)	
O1-C1-C2	 114.90(11)	
C3-C2-C7	 119.72(10)	
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C3-C2-C1	 118.24(11)	
C7-C2-C1	 122.02(10)	
C4-C3-C2	 121.34(11)	
C3-C4-C5	 119.16(11)	
C4-C5-C6	 120.06(11)	
C5-C6-C7	 121.58(11)	
C6-C7-C2	 118.13(10)	
C6-C7-C8	 116.34(10)	
C2-C7-C8	 125.42(10)	
C15-C8-C9	 119.15(10)	
C15-C8-C7	 123.92(10)	
C9-C8-C7	 116.25(10)	
C10-C9-C14	 118.29(11)	
C10-C9-C8	 121.00(11)	
C14-C9-C8	 120.65(11)	
C11-C10-C9	 121.03(12)	
C12-C11-C10	 119.97(12)	
C11-C12-C13	 119.82(12)	
C12-C13-C14	 120.28(12)	
C13-C14-C9	 120.57(12)	
C8-C15-C16	 130.26(11)	
C17-C16-C21	 117.88(12)	
C17-C16-C15	 124.30(12)	
C21-C16-C15	 117.72(12)	
C18-C17-C16	 120.91(13)	
C19-C18-C17	 120.39(13)	
C18-C19-C20	 119.37(12)	
C21-C20-C19	 120.35(13)	
C20-C21-C16	 121.10(13)	
O2'-C1'-O1'	 123.0(8)	
O2'-C1'-C2'	 122.7(7)	
O1'-C1'-C2'	 113.9(7)	
C3'-C2'-C7'	 120.0	
C3'-C2'-C1'	 116.6(5)	
C7'-C2'-C1'	 123.4(5)	
C4'-C3'-C2'	 120.0	
C3'-C4'-C5'	 120.0	
C6'-C5'-C4'	 120.0	
C7'-C6'-C5'	 120.0	
C6'-C7'-C2'	 120.0	
C6'-C7'-C8'	 115.0(5)	
C2'-C7'-C8'	 124.7(5)	
C15'-C8'-C9'	 119.2(6)	
C15'-C8'-C7'	 123.6(6)	
C9'-C8'-C7'	 116.3(6)	
C10'-C9'-C14'	 117.7(6)	
C10'-C9'-C8'	 123.8(6)	
C14'-C9'-C8'	 118.2(6)	
C9'-C10'-C11'	 121.2(6)	
C12'-C11'-C10'	 119.8(6)	
C11'-C12'-C13'	 119.8(6)	
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C14'-C13'-C12'	 120.3(6)	
C13'-C14'-C9'	 120.9(6)	
C8'-C15'-C16'	 129.4(7)	
C17'-C16'-C21'	 117.8(5)	
C17'-C16'-C15'	 121.1(7)	
C21'-C16'-C15'	 120.4(6)	
C18'-C17'-C16'	 121.1(6)	
C19'-C18'-C17'	 120.0(6)	
C18'-C19'-C20'	 119.4(6)	
C19'-C20'-C21'	 120.6(6)	
C20'-C21'-C16'	 120.7(6)	
-------------------------------------------------------	
	
Table	3.		Torsion	angles	[°]	for	mo_DJM065HF2_0m.	
________________________________________________________________	
O2-C1-C2-C3	 -174.74(15)	
O1-C1-C2-C3	 3.8(2)	
O2-C1-C2-C7	 4.1(2)	
O1-C1-C2-C7	 -177.33(15)	
C7-C2-C3-C4	 -0.02(17)	
C1-C2-C3-C4	 178.83(13)	
C2-C3-C4-C5	 -0.52(18)	
C3-C4-C5-C6	 0.4(2)	
C4-C5-C6-C7	 0.4(2)	
C5-C6-C7-C2	 -0.9(2)	
C5-C6-C7-C8	 175.56(15)	
C3-C2-C7-C6	 0.72(18)	
C1-C2-C7-C6	 -178.09(12)	
C3-C2-C7-C8	 -175.38(13)	
C1-C2-C7-C8	 5.81(19)	
C6-C7-C8-C15	 66.59(15)	
C2-C7-C8-C15	 -117.25(14)	
C6-C7-C8-C9	 -103.84(13)	
C2-C7-C8-C9	 72.32(15)	
C15-C8-C9-C10	 -137.97(13)	
C7-C8-C9-C10	 32.94(17)	
C15-C8-C9-C14	 38.92(17)	
C7-C8-C9-C14	 -150.17(11)	
C14-C9-C10-C11	 -1.9(2)	
C8-C9-C10-C11	 175.06(13)	
C9-C10-C11-C12	 0.8(2)	
C10-C11-C12-C13	 0.9(2)	
C11-C12-C13-C14	 -1.4(2)	
C12-C13-C14-C9	 0.2(2)	
C10-C9-C14-C13	 1.4(2)	
C8-C9-C14-C13	 -175.56(12)	
C9-C8-C15-C16	 -179.28(13)	
C7-C8-C15-C16	 10.5(2)	
C8-C15-C16-C17	 23.1(2)	
C8-C15-C16-C21	 -160.54(14)	
C21-C16-C17-C18	 0.4(2)	
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C15-C16-C17-C18	 176.74(14)	
C16-C17-C18-C19	 -0.1(2)	
C17-C18-C19-C20	 0.3(2)	
C18-C19-C20-C21	 -0.8(2)	
C19-C20-C21-C16	 1.2(2)	
C17-C16-C21-C20	 -0.9(2)	
C15-C16-C21-C20	 -177.54(13)	
O2'-C1'-C2'-C3'	 -179(3)	
O1'-C1'-C2'-C3'	 8(3)	
O2'-C1'-C2'-C7'	 -1(4)	
O1'-C1'-C2'-C7'	 -173(2)	
C7'-C2'-C3'-C4'	 0.0	
C1'-C2'-C3'-C4'	 178(2)	
C2'-C3'-C4'-C5'	 0.0	
C3'-C4'-C5'-C6'	 0.0	
C4'-C5'-C6'-C7'	 0.0	
C5'-C6'-C7'-C2'	 0.0	
C5'-C6'-C7'-C8'	 -173.8(14)	
C3'-C2'-C7'-C6'	 0.0	
C1'-C2'-C7'-C6'	 -178(2)	
C3'-C2'-C7'-C8'	 173.2(16)	
C1'-C2'-C7'-C8'	 -5(3)	
C6'-C7'-C8'-C15'	 -107.9(16)	
C2'-C7'-C8'-C15'	 78.6(19)	
C6'-C7'-C8'-C9'	 61.7(17)	
C2'-C7'-C8'-C9'	 -111.8(15)	
C15'-C8'-C9'-C10'	 -156(2)	
C7'-C8'-C9'-C10'	 34(3)	
C15'-C8'-C9'-C14'	 30(3)	
C7'-C8'-C9'-C14'	 -140.6(19)	
C14'-C9'-C10'-C11'	 -6(4)	
C8'-C9'-C10'-C11'	 179(2)	
C9'-C10'-C11'-C12'	 3(4)	
C10'-C11'-C12'-C13'	 1(3)	
C11'-C12'-C13'-C14'	 -2(4)	
C12'-C13'-C14'-C9'	 -1(4)	
C10'-C9'-C14'-C13'	 5(4)	
C8'-C9'-C14'-C13'	 180(2)	
C9'-C8'-C15'-C16'	 -177.4(18)	
C7'-C8'-C15'-C16'	 -8(3)	
C8'-C15'-C16'-C17'	 29(3)	
C8'-C15'-C16'-C21'	 -160.6(19)	
C21'-C16'-C17'-C18'	 -2(3)	
C15'-C16'-C17'-C18'	 168(2)	
C16'-C17'-C18'-C19'	 6(3)	
C17'-C18'-C19'-C20'	 -6(3)	
C18'-C19'-C20'-C21'	 3(3)	
C19'-C20'-C21'-C16'	 1(3)	
C17'-C16'-C21'-C20'	 -1(3)	
C15'-C16'-C21'-C20'	 -171.9(19)		
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Table	1.		Crystal	data	and	structure	refinement	for	mo_mb3.	
_____________________________________________________________________	
Identification	code		 mo_mb3	
Empirical	formula		 C18	H15	Br	O2		
Formula	weight		 343.21	
Temperature		 100(2)	K	
Wavelength		 0.71073	Å	
Crystal	system		 Orthorhombic	
Space	group		 Pna2(1)	
Unit	cell	dimensions	 a	=		16.0766(6)Å	 a=		90°.	
	 b	=		8.8610(3)Å	 b	=	90°.	
	 c	=		10.0045(4)Å	 g	=		90°.	
Volume	 1425.19(9)	Å3	
Z	 4	
Density	(calculated)	 1.600	Mg/m3	
Absorption	coefficient	 2.886	mm-1	
F(000)	 	696	
Crystal	size	 	0.40	x	0.20	x	0.20	mm3	
Theta	range	for	data	collection	 3.071	to	31.537°.	
Index	ranges	 -12<=h<=23,-12<=k<=12,-14<=l<=14	
Reflections	collected	 	15404	
Independent	reflections	 4313[R(int)	=	0.0270]	
Completeness	to	theta	=31.537°	 	98.299995%		
Absorption	correction	 	Multi-scan	
Max.	and	min.	transmission	 	0.596	and	0.458	
Refinement	method	 	Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 	4313/	1/	190	
Goodness-of-fit	on	F2	 	0.980	
Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0187,	wR2	=	0.0459	
R	indices	(all	data)	 	R1	=	0.0203,	wR2	=	0.0463	
Flack	parameter	 	x	=0.017(4)	
Largest	diff.	peak	and	hole	 	0.363	and	-0.480	e.Å-3	
	
Table	2.			Bond	lengths	[Å]	and	angles	[°]	for		mo_mb3.	
_____________________________________________________	
Bond	lengths----	
Br1-C1		 1.9837(18)	
C1-C13		 1.507(2)	
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C1-C2		 1.537(3)	
C2-O2		 1.456(2)	
C2-C9		 1.495(2)	
C2-C12		 1.533(2)	
C3-O1		 1.200(2)	
C3-O2		 1.3851(19)	
C3-C4		 1.472(2)	
C4-C9		 1.379(3)	
C4-C5		 1.392(2)	
C5-C6		 1.392(3)	
C6-C7		 1.404(3)	
C7-C8		 1.400(3)	
C8-C9		 1.388(3)	
C8-C10		 1.513(2)	
C10-C11		 1.564(3)	
C11-C12		 1.541(3)	
C13-C18		 1.393(3)	
C13-C14		 1.396(2)	
C14-C15		 1.386(2)	
C15-C16		 1.386(3)	
C16-C17		 1.385(3)	
C17-C18		 1.391(2)	
	
Angles----------	
C13-C1-C2	 116.61(13)	
C13-C1-Br1	 108.94(12)	
C2-C1-Br1	 109.61(12)	
O2-C2-C9	 102.95(13)	
O2-C2-C12	 113.44(15)	
C9-C2-C12	 104.84(13)	
O2-C2-C1	 107.91(13)	
C9-C2-C1	 113.71(15)	
C12-C2-C1	 113.59(13)	
O1-C3-O2	 120.88(16)	
O1-C3-C4	 131.22(16)	
O2-C3-C4	 107.78(14)	
C9-C4-C5	 120.74(16)	
C9-C4-C3	 107.42(14)	
C5-C4-C3	 130.61(16)	
C6-C5-C4	 117.23(16)	
C5-C6-C7	 121.20(17)	
C8-C7-C6	 121.56(19)	
C9-C8-C7	 115.58(17)	
C9-C8-C10	 117.9(2)	
C7-C8-C10	 126.21(19)	
C4-C9-C8	 123.41(17)	
C4-C9-C2	 110.43(15)	
C8-C9-C2	 123.90(16)	
C8-C10-C11	 112.94(15)	
C12-C11-C10	 115.88(14)	
C2-C12-C11	 109.32(15)	
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C18-C13-C14	 118.88(15)	
C18-C13-C1	 118.88(15)	
C14-C13-C1	 122.19(17)	
C15-C14-C13	 120.44(17)	
C14-C15-C16	 120.13(16)	
C17-C16-C15	 120.06(15)	
C16-C17-C18	 119.83(17)	
C13-C18-C17	 120.59(16)	
C3-O2-C2	 110.97(12)	
-------------------------------------------------------	
	
Table	3.		Torsion	angles	[°]	for	mo_mb3.	
________________________________________________________________	
C13-C1-C2-O2	 -52.51(19)	
Br1-C1-C2-O2	 71.82(13)	
C13-C1-C2-C9	 61.0(2)	
Br1-C1-C2-C9	 -174.65(11)	
C13-C1-C2-C12	 -179.18(15)	
Br1-C1-C2-C12	 -54.85(16)	
O1-C3-C4-C9	 -179.38(19)	
O2-C3-C4-C9	 -3.4(2)	
O1-C3-C4-C5	 -12.3(3)	
O2-C3-C4-C5	 163.71(17)	
C9-C4-C5-C6	 2.3(3)	
C3-C4-C5-C6	 -163.36(18)	
C4-C5-C6-C7	 2.0(3)	
C5-C6-C7-C8	 -2.8(3)	
C6-C7-C8-C9	 -0.6(3)	
C6-C7-C8-C10	 172.98(17)	
C5-C4-C9-C8	 -6.0(3)	
C3-C4-C9-C8	 162.62(17)	
C5-C4-C9-C2	 -169.49(17)	
C3-C4-C9-C2	 -0.9(2)	
C7-C8-C9-C4	 5.0(3)	
C10-C8-C9-C4	 -169.15(17)	
C7-C8-C9-C2	 166.26(17)	
C10-C8-C9-C2	 -7.9(3)	
O2-C2-C9-C4	 4.50(19)	
C12-C2-C9-C4	 123.40(16)	
C1-C2-C9-C4	 -111.96(17)	
O2-C2-C9-C8	 -158.89(17)	
C12-C2-C9-C8	 -40.0(2)	
C1-C2-C9-C8	 84.6(2)	
C9-C8-C10-C11	 30.1(2)	
C7-C8-C10-C11	 -143.29(17)	
C8-C10-C11-C12	 -2.9(2)	
O2-C2-C12-C11	 175.00(13)	
C9-C2-C12-C11	 63.43(19)	
C1-C2-C12-C11	 -61.29(18)	
C10-C11-C12-C2	 -44.5(2)	
C2-C1-C13-C18	 -107.20(19)	
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Br1-C1-C13-C18	 128.13(15)	
C2-C1-C13-C14	 75.2(2)	
Br1-C1-C13-C14	 -49.5(2)	
C18-C13-C14-C15	 -2.3(3)	
C1-C13-C14-C15	 175.30(16)	
C13-C14-C15-C16	 1.0(3)	
C14-C15-C16-C17	 1.2(3)	
C15-C16-C17-C18	 -2.1(3)	
C14-C13-C18-C17	 1.4(3)	
C1-C13-C18-C17	 -176.23(16)	
C16-C17-C18-C13	 0.7(3)	
O1-C3-O2-C2	 -177.04(16)	
C4-C3-O2-C2	 6.46(18)	
C9-C2-O2-C3	 -6.70(17)	
C12-C2-O2-C3	 -119.42(15)	
C1-C2-O2-C3	 113.82(14)	
-----------------------------------------------------------------	
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X-Ray	Crystallography	data	for	XX	
	
	
Table	1.		Crystal	data	and	structure	refinement	for	mo_DJM101_0m.	
_____________________________________________________________________	
Identification	code		 mo_DJM101_0m	
Empirical	formula		 C26	H31	Br	N2	Ni		
Formula	weight		 510.15	
Temperature		 100(2)	K	
Wavelength		 null	Å	
Crystal	system		 Monoclinic	
Space	group		 P2(1)/n	
Unit	cell	dimensions	 a	=		10.7611(15)Å	 a=		90°.	
	 b	=		8.0387(6)Å	 b	=	92.145(4)°.	
	 c	=		26.664(3)Å	 g	=		90°.	
Volume	 2305.0(5)	Å3	
Z	 4	
Density	(calculated)	 1.470	Mg/m3	
Absorption	coefficient	 2.590	mm-1	
F(000)	 	1056	
Crystal	size	 	0.40	x	0.10	x	0.05	mm3	
Theta	range	for	data	collection	 2.016	to	31.556°.	
Index	ranges	 -11<=h<=15,-11<=k<=8,-39<=l<=35	
Reflections	collected	 	22020	
Independent	reflections	 7168[R(int)	=	0.0441]	
Completeness	to	theta	=31.556°	 	93.1%		
Absorption	correction	 	Multi-scan	
Max.	and	min.	transmission	 _exptl_absorpt_correction_T_max		0.7462	and	
_exptl_absorpt_correction_T_min		0.6162	
Refinement	method	 	Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 	7168/	0/	275	
Goodness-of-fit	on	F2	 	1.023	
Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0344,	wR2	=	0.0639	
R	indices	(all	data)	 	R1	=	0.0603,	wR2	=	0.0707	
Largest	diff.	peak	and	hole	 	0.542	and	-0.509	e.Å-3	
	
Table	2.			Bond	lengths	[Å]	and	angles	[°]	for		mo_DJM101_0m.	
_____________________________________________________	
Bond	lengths----	
Br1-Ni1		 2.3289(4)	
Ni1-C1		 1.9130(18)	
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Ni1-N2		 1.9810(17)	
Ni1-N1		 2.0625(16)	
N2-C26		 1.492(2)	
N2-C25		 1.495(3)	
N2-C22		 1.496(2)	
N1-C21		 1.486(3)	
N1-C23		 1.488(2)	
N1-C24		 1.489(2)	
C2-C3		 1.403(2)	
C2-C7		 1.411(3)	
C2-C1		 1.485(3)	
C8-C1		 1.359(3)	
C8-C15		 1.488(3)	
C8-C9		 1.503(3)	
C9-C10		 1.391(3)	
C9-C14		 1.402(3)	
C6-C7		 1.390(3)	
C6-C5		 1.395(3)	
C20-C19		 1.391(3)	
C20-C15		 1.402(3)	
C15-C16		 1.409(3)	
C10-C11		 1.390(3)	
C21-C22		 1.506(3)	
C13-C12		 1.382(3)	
C13-C14		 1.396(3)	
C16-C17		 1.383(3)	
C17-C18		 1.390(3)	
C12-C11		 1.385(3)	
C3-C4		 1.390(3)	
C4-C5		 1.384(3)	
C18-C19		 1.382(3)	
	
Angles----------	
C1-Ni1-N2	 93.64(7)	
C1-Ni1-N1	 179.01(7)	
N2-Ni1-N1	 86.44(7)	
C1-Ni1-Br1	 87.81(6)	
N2-Ni1-Br1	 177.33(5)	
N1-Ni1-Br1	 92.15(5)	
C26-N2-C25	 107.83(16)	
C26-N2-C22	 107.18(16)	
C25-N2-C22	 109.22(16)	
C26-N2-Ni1	 117.10(13)	
C25-N2-Ni1	 109.49(12)	
C22-N2-Ni1	 105.81(12)	
C21-N1-C23	 109.07(16)	
C21-N1-C24	 109.34(16)	
C23-N1-C24	 108.17(15)	
C21-N1-Ni1	 106.87(12)	
C23-N1-Ni1	 115.62(12)	
C24-N1-Ni1	 107.65(12)	
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C3-C2-C7	 116.70(17)	
C3-C2-C1	 121.12(16)	
C7-C2-C1	 121.53(16)	
C1-C8-C15	 125.05(17)	
C1-C8-C9	 119.18(16)	
C15-C8-C9	 115.63(16)	
C8-C1-C2	 122.77(16)	
C8-C1-Ni1	 128.19(14)	
C2-C1-Ni1	 108.98(13)	
C10-C9-C14	 118.07(17)	
C10-C9-C8	 120.37(17)	
C14-C9-C8	 121.57(17)	
C7-C6-C5	 120.68(18)	
C19-C20-C15	 122.30(18)	
C20-C15-C16	 115.81(17)	
C20-C15-C8	 121.56(17)	
C16-C15-C8	 122.62(17)	
C11-C10-C9	 121.30(18)	
N1-C21-C22	 109.06(16)	
C12-C13-C14	 120.60(19)	
N2-C22-C21	 108.68(16)	
C6-C7-C2	 121.28(18)	
C17-C16-C15	 121.97(19)	
C13-C14-C9	 120.41(19)	
C16-C17-C18	 120.76(19)	
C13-C12-C11	 119.43(18)	
C4-C3-C2	 121.87(18)	
C5-C4-C3	 120.57(18)	
C4-C5-C6	 118.88(19)	
C12-C11-C10	 120.2(2)	
C19-C18-C17	 118.68(19)	
C18-C19-C20	 120.47(19)	
-------------------------------------------------------	
	
Table	3.		Torsion	angles	[°]	for	mo_DJM101_0m.	
________________________________________________________________	
C15-C8-C1-C2	 174.77(18)	
C9-C8-C1-C2	 -9.6(3)	
C15-C8-C1-Ni1	 -2.3(3)	
C9-C8-C1-Ni1	 173.33(14)	
C3-C2-C1-C8	 138.8(2)	
C7-C2-C1-C8	 -50.7(3)	
C3-C2-C1-Ni1	 -43.6(2)	
C7-C2-C1-Ni1	 126.81(17)	
C1-C8-C9-C10	 -66.7(3)	
C15-C8-C9-C10	 109.3(2)	
C1-C8-C9-C14	 112.9(2)	
C15-C8-C9-C14	 -71.1(2)	
C19-C20-C15-C16	 0.4(3)	
C19-C20-C15-C8	 -178.82(18)	
C1-C8-C15-C20	 174.10(19)	
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C9-C8-C15-C20	 -1.6(3)	
C1-C8-C15-C16	 -5.1(3)	
C9-C8-C15-C16	 179.16(18)	
C14-C9-C10-C11	 -0.4(3)	
C8-C9-C10-C11	 179.21(18)	
C23-N1-C21-C22	 -157.32(16)	
C24-N1-C21-C22	 84.58(19)	
Ni1-N1-C21-C22	 -31.67(18)	
C26-N2-C22-C21	 -171.81(18)	
C25-N2-C22-C21	 71.6(2)	
Ni1-N2-C22-C21	 -46.13(19)	
N1-C21-C22-N2	 52.7(2)	
C5-C6-C7-C2	 -1.2(3)	
C3-C2-C7-C6	 1.0(3)	
C1-C2-C7-C6	 -169.82(19)	
C20-C15-C16-C17	 -0.8(3)	
C8-C15-C16-C17	 178.46(19)	
C12-C13-C14-C9	 -0.3(3)	
C10-C9-C14-C13	 0.5(3)	
C8-C9-C14-C13	 -179.11(18)	
C15-C16-C17-C18	 0.1(3)	
C14-C13-C12-C11	 -0.1(3)	
C7-C2-C3-C4	 0.0(3)	
C1-C2-C3-C4	 170.90(19)	
C2-C3-C4-C5	 -0.9(3)	
C3-C4-C5-C6	 0.8(3)	
C7-C6-C5-C4	 0.2(3)	
C13-C12-C11-C10	 0.2(3)	
C9-C10-C11-C12	 0.1(3)	
C16-C17-C18-C19	 1.0(3)	
C17-C18-C19-C20	 -1.3(3)	
C15-C20-C19-C18	 0.6(3)	
-----------------------------------------------------------------	
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X-Ray	Crystallography	data	for	XX	
	
	
Table	1.		Crystal	data	and	structure	refinement	for	mb464.	
_____________________________________________________________________	
Identification	code		 mb464	
Empirical	formula		 C40	H30		
Formula	weight		 510.64	
Temperature		 100(2)	K	
Wavelength		 0.71073	Å	
Crystal	system		 Monoclinic	
Space	group		 P2(1)/c	
Unit	cell	dimensions	 a	=		10.7290(5)Å	 a=		90°.	
	 b	=		9.6620(4)Å	 b	=	90.758(4)°.	
	 c	=		26.8330(13)Å	 g	=		90°.	
Volume	 2781.4(2)	Å3	
Z	 4	
Density	(calculated)	 1.219	Mg/m3	
Absorption	coefficient	 0.069	mm-1	
F(000)	 	1080	
Crystal	size	 	?	x	?	x	?	mm3	
Theta	range	for	data	collection	 2.240	to	32.222°.	
Index	ranges	 -15<=h<=15,-14<=k<=14,-40<=l<=38	
Reflections	collected	 	67974	
Independent	reflections	 9259[R(int)	=	0.0452]	
Completeness	to	theta	=32.222°	 	94.0%		
Absorption	correction	 	Multi-scan	
Max.	and	min.	transmission	 _exptl_absorpt_correction_T_max		0.7464	and	
_exptl_absorpt_correction_T_min		0.7032	
Refinement	method	 	Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 	9259/	0/	361	
Goodness-of-fit	on	F2	 	1.030	
Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0542,	wR2	=	0.1244	
R	indices	(all	data)	 	R1	=	0.0933,	wR2	=	0.1396	
Largest	diff.	peak	and	hole	 	0.380	and	-0.248	e.Å-3	
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Table	2.			Bond	lengths	[Å]	and	angles	[°]	for		mb464.	
_____________________________________________________	
Bond	lengths----	
C1-C14		 1.3548(18)	
C1-C8		 1.4934(17)	
C1-C2		 1.4955(17)	
C2-C3		 1.3931(19)	
C2-C7		 1.3936(19)	
C3-C4		 1.3920(19)	
C3-H3		 0.9300	
C4-C5		 1.377(2)	
C4-H4		 0.9300	
C5-C6		 1.387(2)	
C5-H5		 0.9300	
C6-C7		 1.3882(19)	
C6-H6		 0.9300	
C7-H7		 0.9300	
C9-C10		 1.3862(19)	
C9-C8		 1.3949(19)	
C9-H9		 0.9300	
C8-C13		 1.3921(19)	
C10-C11		 1.382(2)	
C10-H10		 0.9300	
C11-C12		 1.381(2)	
C11-H11		 0.9300	
C12-C13		 1.394(2)	
C12-H12		 0.9300	
C13-H13		 0.9300	
C14-C15		 1.4939(16)	
C14-C21		 1.4997(17)	
C15-C20		 1.3944(18)	
C15-C16		 1.3947(17)	
C16-C17		 1.3865(18)	
C16-H16		 0.9300	
C17-C18		 1.382(2)	
C17-H17		 0.9300	
C18-C19		 1.386(2)	
C18-H18		 0.9300	
C19-C20		 1.3904(18)	
C19-H19		 0.9300	
C20-H20		 0.9300	
C21-C26		 1.4031(17)	
C21-C22		 1.4069(18)	
C22-C23		 1.4026(17)	
C22-C27		 1.4915(16)	
C23-C24		 1.3856(18)	
C23-H23		 0.9300	
C24-C25		 1.3899(19)	
C24-H24		 0.9300	
C25-C26		 1.3856(18)	
C25-H25		 0.9300	
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C26-H26		 0.9300	
C27-C34		 1.3446(17)	
C27-C28		 1.4912(17)	
C28-C33		 1.3965(18)	
C28-C29		 1.3990(18)	
C29-C30		 1.3854(19)	
C29-H29		 0.9300	
C30-C31		 1.382(2)	
C30-H30		 0.9300	
C31-C32		 1.387(2)	
C31-H31		 0.9300	
C32-C33		 1.3944(19)	
C32-H32		 0.9300	
C33-H33		 0.9300	
C34-C35		 1.4744(17)	
C34-H34		 0.9300	
C35-C40		 1.3968(18)	
C35-C36		 1.3986(17)	
C36-C37		 1.3885(18)	
C36-H36		 0.9300	
C37-C38		 1.388(2)	
C37-H37		 0.9300	
C38-C39		 1.384(2)	
C38-H38		 0.9300	
C39-C40		 1.3907(18)	
C39-H39		 0.9300	
C40-H40		 0.9300	
	
Angles----------	
C14-C1-C8	 122.98(11)	
C14-C1-C2	 121.65(11)	
C8-C1-C2	 115.36(11)	
C3-C2-C7	 118.75(12)	
C3-C2-C1	 120.47(12)	
C7-C2-C1	 120.78(12)	
C4-C3-C2	 120.29(13)	
C4-C3-H3	 119.9	
C2-C3-H3	 119.9	
C5-C4-C3	 120.43(14)	
C5-C4-H4	 119.8	
C3-C4-H4	 119.8	
C4-C5-C6	 119.82(13)	
C4-C5-H5	 120.1	
C6-C5-H5	 120.1	
C5-C6-C7	 120.01(14)	
C5-C6-H6	 120.0	
C7-C6-H6	 120.0	
C6-C7-C2	 120.67(13)	
C6-C7-H7	 119.7	
C2-C7-H7	 119.7	
C10-C9-C8	 120.99(13)	
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C10-C9-H9	 119.5	
C8-C9-H9	 119.5	
C13-C8-C9	 118.18(12)	
C13-C8-C1	 120.85(12)	
C9-C8-C1	 120.96(12)	
C11-C10-C9	 120.21(14)	
C11-C10-H10	 119.9	
C9-C10-H10	 119.9	
C12-C11-C10	 119.69(13)	
C12-C11-H11	 120.2	
C10-C11-H11	 120.2	
C11-C12-C13	 120.20(14)	
C11-C12-H12	 119.9	
C13-C12-H12	 119.9	
C8-C13-C12	 120.71(13)	
C8-C13-H13	 119.6	
C12-C13-H13	 119.6	
C1-C14-C15	 122.10(11)	
C1-C14-C21	 121.60(11)	
C15-C14-C21	 116.13(10)	
C20-C15-C16	 118.13(11)	
C20-C15-C14	 120.67(11)	
C16-C15-C14	 121.19(11)	
C17-C16-C15	 121.11(13)	
C17-C16-H16	 119.4	
C15-C16-H16	 119.4	
C18-C17-C16	 120.22(13)	
C18-C17-H17	 119.9	
C16-C17-H17	 119.9	
C17-C18-C19	 119.49(12)	
C17-C18-H18	 120.3	
C19-C18-H18	 120.3	
C18-C19-C20	 120.33(13)	
C18-C19-H19	 119.8	
C20-C19-H19	 119.8	
C19-C20-C15	 120.73(12)	
C19-C20-H20	 119.6	
C15-C20-H20	 119.6	
C26-C21-C22	 118.88(11)	
C26-C21-C14	 116.92(11)	
C22-C21-C14	 124.11(11)	
C23-C22-C21	 118.69(11)	
C23-C22-C27	 117.21(11)	
C21-C22-C27	 124.07(10)	
C24-C23-C22	 121.64(12)	
C24-C23-H23	 119.2	
C22-C23-H23	 119.2	
C23-C24-C25	 119.67(12)	
C23-C24-H24	 120.2	
C25-C24-H24	 120.2	
C26-C25-C24	 119.49(12)	
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C26-C25-H25	 120.3	
C24-C25-H25	 120.3	
C25-C26-C21	 121.61(12)	
C25-C26-H26	 119.2	
C21-C26-H26	 119.2	
C34-C27-C28	 122.58(11)	
C34-C27-C22	 120.95(11)	
C28-C27-C22	 116.20(10)	
C33-C28-C29	 118.12(12)	
C33-C28-C27	 120.80(11)	
C29-C28-C27	 121.02(11)	
C30-C29-C28	 120.89(12)	
C30-C29-H29	 119.6	
C28-C29-H29	 119.6	
C31-C30-C29	 120.62(13)	
C31-C30-H30	 119.7	
C29-C30-H30	 119.7	
C30-C31-C32	 119.36(12)	
C30-C31-H31	 120.3	
C32-C31-H31	 120.3	
C31-C32-C33	 120.31(13)	
C31-C32-H32	 119.8	
C33-C32-H32	 119.8	
C32-C33-C28	 120.71(12)	
C32-C33-H33	 119.6	
C28-C33-H33	 119.6	
C27-C34-C35	 126.63(11)	
C27-C34-H34	 116.7	
C35-C34-H34	 116.7	
C40-C35-C36	 118.71(11)	
C40-C35-C34	 119.96(11)	
C36-C35-C34	 121.32(11)	
C37-C36-C35	 120.44(12)	
C37-C36-H36	 119.8	
C35-C36-H36	 119.8	
C38-C37-C36	 120.12(12)	
C38-C37-H37	 119.9	
C36-C37-H37	 119.9	
C39-C38-C37	 120.13(12)	
C39-C38-H38	 119.9	
C37-C38-H38	 119.9	
C38-C39-C40	 119.85(13)	
C38-C39-H39	 120.1	
C40-C39-H39	 120.1	
C39-C40-C35	 120.73(12)	
C39-C40-H40	 119.6	
C35-C40-H40	 119.6	
-------------------------------------------------------	
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Table	3.		Torsion	angles	[°]	for	mb464.	
________________________________________________________________	
C14-C1-C2-C3	 -127.89(14)	
C8-C1-C2-C3	 53.45(16)	
C14-C1-C2-C7	 52.79(18)	
C8-C1-C2-C7	 -125.87(13)	
C7-C2-C3-C4	 -2.1(2)	
C1-C2-C3-C4	 178.58(13)	
C2-C3-C4-C5	 1.7(2)	
C3-C4-C5-C6	 -0.3(2)	
C4-C5-C6-C7	 -0.9(2)	
C5-C6-C7-C2	 0.5(2)	
C3-C2-C7-C6	 0.97(19)	
C1-C2-C7-C6	 -179.70(12)	
C10-C9-C8-C13	 1.2(2)	
C10-C9-C8-C1	 -179.72(13)	
C14-C1-C8-C13	 -135.03(14)	
C2-C1-C8-C13	 43.61(17)	
C14-C1-C8-C9	 45.92(19)	
C2-C1-C8-C9	 -135.44(13)	
C8-C9-C10-C11	 -0.2(2)	
C9-C10-C11-C12	 -0.2(2)	
C10-C11-C12-C13	 -0.5(2)	
C9-C8-C13-C12	 -1.9(2)	
C1-C8-C13-C12	 179.05(13)	
C11-C12-C13-C8	 1.6(2)	
C8-C1-C14-C15	 -170.87(12)	
C2-C1-C14-C15	 10.57(19)	
C8-C1-C14-C21	 14.06(19)	
C2-C1-C14-C21	 -164.50(12)	
C1-C14-C15-C20	 -133.03(13)	
C21-C14-C15-C20	 42.29(16)	
C1-C14-C15-C16	 48.46(18)	
C21-C14-C15-C16	 -136.22(12)	
C20-C15-C16-C17	 0.30(19)	
C14-C15-C16-C17	 178.84(12)	
C15-C16-C17-C18	 0.0(2)	
C16-C17-C18-C19	 -0.3(2)	
C17-C18-C19-C20	 0.3(2)	
C18-C19-C20-C15	 0.0(2)	
C16-C15-C20-C19	 -0.32(19)	
C14-C15-C20-C19	 -178.87(12)	
C1-C14-C21-C26	 51.39(17)	
C15-C14-C21-C26	 -123.96(12)	
C1-C14-C21-C22	 -132.03(13)	
C15-C14-C21-C22	 52.62(17)	
C26-C21-C22-C23	 -0.63(18)	
C14-C21-C22-C23	 -177.15(12)	
C26-C21-C22-C27	 -178.60(11)	
C14-C21-C22-C27	 4.88(19)	
C21-C22-C23-C24	 -0.84(19)	
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C27-C22-C23-C24	 177.28(12)	
C22-C23-C24-C25	 1.5(2)	
C23-C24-C25-C26	 -0.6(2)	
C24-C25-C26-C21	 -0.9(2)	
C22-C21-C26-C25	 1.50(19)	
C14-C21-C26-C25	 178.27(12)	
C23-C22-C27-C34	 -133.55(13)	
C21-C22-C27-C34	 44.45(17)	
C23-C22-C27-C28	 40.63(15)	
C21-C22-C27-C28	 -141.37(12)	
C34-C27-C28-C33	 -136.90(13)	
C22-C27-C28-C33	 49.03(15)	
C34-C27-C28-C29	 46.07(17)	
C22-C27-C28-C29	 -128.00(12)	
C33-C28-C29-C30	 0.11(17)	
C27-C28-C29-C30	 177.22(11)	
C28-C29-C30-C31	 -0.01(19)	
C29-C30-C31-C32	 0.42(19)	
C30-C31-C32-C33	 -0.93(19)	
C31-C32-C33-C28	 1.04(19)	
C29-C28-C33-C32	 -0.62(17)	
C27-C28-C33-C32	 -177.74(11)	
C28-C27-C34-C35	 8.19(19)	
C22-C27-C34-C35	 -178.01(11)	
C27-C34-C35-C40	 -131.87(14)	
C27-C34-C35-C36	 49.16(19)	
C40-C35-C36-C37	 1.12(19)	
C34-C35-C36-C37	 -179.89(12)	
C35-C36-C37-C38	 -0.1(2)	
C36-C37-C38-C39	 -0.4(2)	
C37-C38-C39-C40	 -0.1(2)	
C38-C39-C40-C35	 1.1(2)	
C36-C35-C40-C39	 -1.63(19)	
C34-C35-C40-C39	 179.37(12)	
-----------------------------------------------------------------	
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X-Ray	Crystallography	data	for	XX	
	
	
_____________________________________________________________________	
Identification	code		 mo_MB004_C_0m	
Empirical	formula		 C26	H28	Br2	N4	Ni	O		
Formula	weight		 631.05	
Temperature		 100(2)K	
Wavelength		 		0.71073	Å	
Crystal	system		 monoclinic	
Space	group		 C	2/c	
Unit	cell	dimensions	 a	=		17.2885(10)Å	 a=		90°.	
	 b	=		11.8147(6)Å	 b	=	109.069(2)°.	
	 c	=		13.1264(9)Å	 g	=		90°.	
Volume	 2534.1(3)	Å3	
Z	 4	
Density	(calculated)	 1.654	Mg/m3	
Absorption	coefficient	 3.946	mm-1	
F(000)	 	1272	
Crystal	size	 	0.050	x	0.050	x	0.050	mm3	
Theta	range	for	data	collection	 2.127	to	27.482°.	
Index	ranges	 -22<=h<=19,-15<=k<=9,-17<=l<=14	
Reflections	collected	 	7981	
Independent	reflections	 2906[R(int)	=	0.0386]	
Completeness	to	theta	=27.482°	 	99.8%		
Absorption	correction	 	Multi-scan	
Max.	and	min.	transmission	 0.74	and	0.66	
Refinement	method	 	Full-matrix	least-squares	on	F2	
Data	/	restraints	/	parameters	 	2906/	45/	178	
Goodness-of-fit	on	F2	 	1.011	
Final	R	indices	[I>2sigma(I)]	 	R1	=	0.0352,	wR2	=	0.0702	
R	indices	(all	data)	 	R1	=	0.0581,	wR2	=	0.0769	
Largest	diff.	peak	and	hole	 	0.742	and	-0.444	e.Å-3	
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Table	2.			Bond	lengths	[Å]	and	angles	[°]	for		mo_MB004_C_0m.	
_____________________________________________________	
Bond	lengths----	
Br1				Ni1				2.6425(5)								
Ni1				N1					2.051(3)									
Ni1				N1#				2.051(3)								2_655	
Ni1				N2					2.135(2)									
Ni1				N2#				2.135(2)								2_655	
N1					C1					1.340(4)									
N1					C5					1.352(4)									
N2					C10				1.348(4)									
N2					C6					1.360(4)									
C1					C2					1.378(4)									
C2					C3					1.375(5)									
C3					C4					1.374(5)									
C4					C5					1.390(5)									
C5					C6					1.470(4)									
C6					C7					1.387(4)									
C7					C8					1.382(5)									
C8					C9					1.373(5)									
C9					C10				1.407(4)									
C10				C11				1.492(4)									
C1S				O1S				1.433(8)									
C1S				C2S				1.527(9)									
C2S				C3S				1.527(9)									
C3S				C4S				1.525(8)									
C4S				O1S				1.419(9)									
	
Angles----------	
N1					Ni1				N1#				174.99(14)															2_655	
N1					Ni1				N2					78.87(10)																	
N1#				Ni1				N2					104.67(10)						2_655					
N1					Ni1				N2#				104.67(10)															2_655	
N1#				Ni1				N2#				78.87(10)							2_655				2_655	
N2					Ni1				N2#				92.85(13)																2_655	
N1					Ni1				Br1#			94.06(7)																	2_655	
N1#				Ni1				Br1#			82.55(7)								2_655				2_655	
N2					Ni1				Br1#			172.48(7)																2_655	
N2#				Ni1				Br1#			86.44(6)								2_655				2_655	
N1					Ni1				Br1				82.55(7)																		
N1#				Ni1				Br1				94.05(7)								2_655					
N2					Ni1				Br1				86.44(6)																		
N2#				Ni1				Br1				172.48(7)							2_655					
Br1#			Ni1				Br1				95.24(2)								2_655					
C1					N1					C5					118.3(3)																		
C1					N1					Ni1				125.9(2)																		
C5					N1					Ni1				114.8(2)																		
C10				N2					C6					118.7(3)																		
C10				N2					Ni1				129.2(2)																		
C6					N2					Ni1				111.2(2)																		
N1					C1					C2					123.2(3)																		
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C3					C2					C1					118.3(3)																		
C4					C3					C2					119.6(3)																		
C3					C4					C5					119.4(3)																		
N1					C5					C4					121.2(3)																		
N1					C5					C6					115.6(3)																		
C4					C5					C6					123.2(3)																		
N2					C6					C7					121.9(3)																		
N2					C6					C5					116.4(2)																		
C7					C6					C5					121.7(3)																		
C8					C7					C6					119.1(3)																		
C9					C8					C7					119.6(3)																		
C8					C9					C10				119.2(3)																		
N2					C10				C9					121.3(3)																		
N2					C10				C11				119.1(3)																		
C9					C10				C11				119.6(3)																		
O1S				C1S				C2S				105.3(9)																		
C1S				C2S				C3S				104.2(8)																		
C4S				C3S				C2S				103.7(7)																		
O1S				C4S				C3S				107.2(8)																		
C4S				O1S				C1S				105.2(8)																		
-------------------------------------------------------	
	
Table	3.		Torsion	angles	[°]	for	mo_MB004_C_0m.	
________________________________________________________________	
C5					N1					C1					C2					-0.2(5)																																					
Ni1				N1					C1					C2					167.7(2)																																				
N1					C1					C2					C3					-0.1(5)																																					
C1					C2					C3					C4					0.6(5)																																						
C2					C3					C4					C5					-0.7(5)																																					
C1					N1					C5					C4					0.1(4)																																						
Ni1				N1					C5					C4					-169.2(2)																																			
C1					N1					C5					C6					-178.9(3)																																			
Ni1				N1					C5					C6					11.8(3)																																					
C3					C4					C5					N1					0.3(5)																																						
C3					C4					C5					C6					179.3(3)																																				
C10				N2					C6					C7					-2.6(4)																																					
Ni1				N2					C6					C7					167.5(2)																																				
C10				N2					C6					C5					176.2(3)																																				
Ni1				N2					C6					C5					-13.8(3)																																				
N1					C5					C6					N2					1.9(4)																																						
C4					C5					C6					N2					-177.1(3)																																			
N1					C5					C6					C7					-179.3(3)																																			
C4					C5					C6					C7					1.7(5)																																						
N2					C6					C7					C8					-0.1(5)																																					
C5					C6					C7					C8					-178.9(3)																																			
C6					C7					C8					C9					1.8(5)																																						
C7					C8					C9					C10				-0.8(5)																																					
C6					N2					C10				C9					3.7(4)																																						
Ni1				N2					C10				C9					-164.3(2)																																			
C6					N2					C10				C11				-176.2(3)																																			
Ni1				N2					C10				C11				15.8(4)																																					
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C8					C9					C10				N2					-2.0(5)																																					
C8					C9					C10				C11				177.8(3)																																				
O1S				C1S				C2S				C3S				-26(2)																																						
C1S				C2S				C3S				C4S				4(3)																																								
C2S				C3S				C4S				O1S				19(3)																																							
C3S				C4S				O1S				C1S				-35.8(15)																																			
C2S				C1S				O1S				C4S				38.4(11)																																				
-----------------------------------------------------------------	
	
Symetry	operations	
________________________________________________________________	
1		'x,	y,	z'	
2		'-x,	y,	-z+1/2'	
3		'x+1/2,	y+1/2,	z'	
4		'-x+1/2,	y+1/2,	-z+1/2'	
5		'-x,	-y,	-z'	
6		'x,	-y,	z-1/2'	
7		'-x+1/2,	-y+1/2,	-z'	
8		'x+1/2,	-y+1/2,	z-1/2'	
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X.X.	1H-NMR	and	13C-NMR	Spectra	(cyclized	carboxylic	acids)		
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X.X.	1H-NMR	and	13C-NMR	Spectra	(uncyclized	carboxylic	acids)		
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X.X.	1H-NMR	and	13C-NMR	Spectra	(application)		
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X.X.	1H-NMR	and	13C-NMR	Spectra	(deuterated	products)		
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CO2H
D
H
H:D 
(5 : 1)
Z:E = 2.5:1
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X.X.	1H-NMR	and	13C-NMR	Spectra	(vinyl-	and	aryl-Ni(II)	complexes)		
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X.X.	1H-NMR	and	13C-NMR	Spectra	(dimer)		
	
	
	
	
	
	
	
	
	
-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.5
δ [ppm]
1
.0
0
2
.0
7
2
.1
6
3
.9
5
2
.1
3
1
0
.0
7
9
.0
6
6
.2
5
6
.6
4
6
.6
4
6
.6
6
6
.6
6
6
.7
6
6
.7
6
6
.7
7
6
.7
8
6
.7
8
6
.8
4
6
.8
4
6
.8
4
6
.8
5
6
.8
5
6
.8
5
6
.8
5
6
.8
6
6
.8
6
6
.8
6
6
.8
6
6
.9
2
6
.9
2
6
.9
2
6
.9
3
6
.9
3
6
.9
5
6
.9
5
6
.9
6
6
.9
6
6
.9
7
6
.9
7
6
.9
7
6
.9
7
7
.0
0
7
.0
0
7
.0
1
7
.0
1
7
.0
1
7
.0
1
7
.0
2
7
.0
3
7
.0
3
7
.0
3
7
.0
4
7
.0
4
7
.0
4
7
.0
5
7
.1
1
7
.1
1
7
.1
2
7
.1
2
7
.1
3
7
.1
3
7
.1
3
7
.1
3
7
.1
4
7
.1
4
7
.1
5
7
.1
5
7
.1
5
7
.1
6
7
.1
6
7
.1
7
7
.1
7
7
.1
7
7
.1
7
7
.1
8
7
.1
8
7
.1
9
7
.2
6
7
.2
6
 C
D
C
l3
-100102030405060708090100110120130140150160170180190200210
δ [ppm]
7
7
.1
6
 C
D
C
l3
1
2
6
.1
4
1
2
6
.3
7
1
2
6
.4
4
1
2
6
.4
6
1
2
6
.8
0
1
2
7
.0
4
1
2
7
.1
1
1
2
7
.2
7
1
2
7
.5
2
1
2
7
.7
0
1
2
7
.7
2
1
2
8
.1
9
1
2
8
.2
8
1
2
8
.5
4
1
2
9
.2
5
1
2
9
.8
4
1
3
0
.4
1
1
3
0
.4
8
1
3
1
.2
7
1
3
1
.5
2
1
3
1
.6
0
1
3
1
.7
6
1
3
3
.2
9
1
3
7
.6
2
1
4
0
.2
9
1
4
0
.9
8
1
4
1
.0
5
1
4
2
.4
1
1
4
2
.7
1
1
4
3
.8
0
1
4
3
.8
4
1
4
4
.1
8
H
Ph
Ph
Ph
Ph
Ph
Chapter	5.	Conclusions	
	 	
 
 371	
To	 conclude	 this	 doctoral	 dissertation,	 it	 would	 be	 useful	 to	 highlight	 whether	 our	 initial	 objectives	 have	 been	
successfully	met.	
	
Chapter	2:	
 
§ A	protocol	for	the	Ni-catalyzed	carboxylation	of	unactivated	alkyl	chlorides	with	CO2	has	been	developed.	
§ 	The	transformation	represents	a	mild	alternative	methodology	for	the	synthesis	of	primary,	secondary	and	
tertiary	alkyl	carboxylic	acids	from	inexpensive	alkyl	chlorides	and	CO2.	
§ Unactivated	 alkyl	 chlorides	 have	 been	 employed	 for	 the	 first	 time	within	 the	 realm	of	 cross-electrophile	
couplings.		
§ The	 applicability	 of	 the	 developed	 methodology	 has	 been	 demonstrated	 through	 the	 successful	
carboxylation	 of	 a	 vast	 array	 of	 unactivated	 alkyl	 chlorides,	 the	 development	 of	 iterative	 cross-coupling	
reactions	and	its	utilization	in	cyclization/carboxylation	events.	
§ Based	on	 the	conducted	mechanistic	experiments,	 a	Ni(II)/Ni(I)/Ni(0)	 catalytic	 cycle	have	been	proposed,	
although	 further	 studies,	 through	 the	 isolation	of	alkyl-Ni	 intermediates,	are	ongoing	 in	order	 to	 support	
our	mechanistic	hypothesis.	
	
Chapter	3:	
 
§ A	Ni-catalyzed	switchable	site-selective	carboxylation	of	allylic	alcohols	with	CO2	has	been	described.	
§ This	methodology	 provides	 a	 direct	 alternative	 for	 the	 synthesis	 of	 linear	 or	α-branched	 allyl	 carboxylic	
acids	 from	naturally	 abundant	 allylic	 alcohols,	while	 expanding	our	 knowledge	on	C−OH	bond	 activation	
mediated	by	CO2.	
§ Allylic	alcohols	have	been	employed	within	the	context	of	cross-electrophile	couplings	for	the	first	time.	
§ The	 applicability	 of	 the	 transformation	 has	 been	 demonstrated	 within	 the	 context	 of	 natural	 product	
synthesis	and	natural	product	diversification.		
§ Although	 more	 rigorous	 mechanistic	 investigations	 must	 be	 undertaken,	 our	 preliminary	 mechanistic	
studies	helped	us	proposed	a	rationale	based	on	Ni(I)	carboxylation	for	the	linear	selectivity,	and	Ni(II)	for	
the	α-branched	selective	process.	
	
Chapter	4:	
	
§ A	very	mild	catalytic	C(sp2)-H	carboxylation	via	1,4-nickel	migration	has	been	discovered	and	investigated.	
§ This	 methodology	 represents	 a	 mild	 alternative	 to	 the	 reported	 C(sp2)-H	 carboxylation	 reactions,	 while	
being	the	first	report	of	a	catalytic	1,4-nickel	migration.	
§ The	transformation	 is	characterized	by	 its	mild	reaction	conditions,	allowing	the	C(sp2)-H	carboxylation	of	
wide	 variety	 of	 complex	 alkyl	 bromides	 affording	 (hetero)cyclic	 carboxylic	 acids	 and	 some	 simpler	 vinyl	
bromides.	
§ The	applicability	of	the	reaction	was	demonstrated	through	the	diversification	of	the	reaction	products	into	
scaffolds	contained	in	natural	products	such	as	phthalides,	isochromenones	and	isochromanones.	
§ Mechanistic	 studies	 through	 the	 isolation	 and	 characterization	 of	 organometallic	 intermediates,	
experiments	 with	 these	 complexes	 and	 experiments	 with	 deuterated	 substrates	 helped	 us	 propose	 a	
catalytic	cycle	consistent	with	1,4-migration	and	carboxylation	via	two	distinctive	Ni(II)	intermediates.	
 
	
	 	
	
	 	
	
	
	
